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Self-healing and self-stiffening materials represent bio-inspired materials which can 
recover and even improve their properties after a damage event ideally without human 
intervention. These materials are able to utilize a neutral or even harmful environmental stimulus 
generated in the damage event but very often require the stimulus to be above a threshold level to 
enable effective property recovery, which may not be always fulfilled especially in the early stage 
of a damage that leads to stimulus release. 
In this dissertation, an easily generalizable strategy was proposed to deal with the situation 
where an above-threshold stimulus is not available: a common self-healing or self-stiffening 
material can be endowed with the capability of chemical amplification to amplify the initially 
dilute or localized stimulus. Decoupling these two reactions largely simplifies requirements of 
synthesizing specific and sometimes complex functionality for sensitive response and allows for 
myriad combinations of reactions. In Chapter 2, an organic acid amplifier was first used to amplify 
a below-threshold acid trigger to constructive reactions of functional polymers. The low reactivity 
and stability of acid amplifier stimulated me to utilize base amplifiers as alternatives which show 
much better reactivity-stability balance than acid amplifiers. After monitoring of base 
amplification kinetics in solutions in the absence and presence of functional molecules in Chapter 
3, the ability of using base amplification to amplify a dilute or localized base trigger to productive 
macroscopic material property changes was confirmed in Chapter 4. Base amplification allows for 
temporal control of gelation of a catechol-bearing polymer solution. A prototype self-stiffening 
material that is sensitive to a localized base trigger was constructed by incorporating base amplifier 
and FeCl3 into a catechol-containing polymeric matrix. Systematic studies were also conducted to 
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clarify the effects of base amplifier and FeCl3 contents, shedding a light on designing a self-
stiffening material with excellent stiffening performance. In Chapter 5, the feasibility of utilizing 
base amplification to accelerate base transport was explored in solid and organogel materials by 
tuning both reaction and diffusion components. Although a constant-velocity wave propagation (x
∝t) was not achieved in current systems, a conceptual phase diagram was proposed and may serve 
as a guide for future research on the propagating chemical wave together with computation input. 
Chapter 6 pointed out challenges of transforming the prototype self-stiffening material to a 
practical one and proposed plausible solutions. Other promising applications of base amplifiers 
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CHAPTER 1: BACKGROUND AND MOTIVATION OF THE PROJECT 
 
1.1. Stimuli-Responsive Materials 
Inside the human body are a myriad of stimuli-responsive processes, maintaining normal 
functions and fighting diseases. These processes include glucose-regulated insulin release,[1,2] 
cell signaling,[3,4] and cell apoptosis.[5–7] Inspired by the nature, scientists have been devoted to 
synthesizing diverse functionalities in order to make man-made materials responsive to physical, 
chemical and biological stimuli in different ways (Figure 1.1). 
 
Figure 1.1. Classification of stimuli-responsive materials. Listed on the right are various responses 
of materials exposed to the stimuli listed on the left.[8]  
Common physical stimuli include light, heat, pressure, etc. Azobenzene is a common 
building block in photoresponsive shape changing materials, whose reversible conversion between 
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cis- and trans- configurations collectively leads to macroscopic deformation of the materials.[9] 
Photodimerization of coumarin makes it possible to synthesize materials that can be reversibly 
crosslinked and decrosslinked.[10] The Diels-Alder [4+2] cycloaddition reaction can be reversed 
when the cycloadduct is further heated, making materials with self-healable, recyclable, and 
reprocessable.[11–13] 
Generally, any groups that can be protonated or deprotonated can be utilized to endow pH 
responsiveness to materials.[14] Hydrogels with carboxyl groups swell at high pH when carboxylic 
group is deprotonated causing the matrix to swell, and shrink at low pH when carboxylic acid is 
protonated.[15,16] On the contrary, when amino groups are tethered, these materials respond to 
pH changes in an opposite trend.[17,18] In some cases, materials that do not have any proton 
donating/accepting capability can also respond to pH changes. For example, Lawrence et al. 
developed a pH sensor based on poly(vinylanthracene-co-vinylferrocene).[19] Rather than 
protonation, pH response of the material results from reduction of vinylanthracene that is favored 
at low pH. 
Biological processes are often accomplished in a highly specific fashion, which is an 
intriguing feature to many of those working in the field of stimuli-responsive materials.[20] When 
single-stranded (ss) DNA is incorporated into hydrogels as either side groups or crosslinkers, 
materials can be engineered to respond to addition of DNA samples.[21–23] Antigen-antibody 
recognition can be manipulated to develop smart materials that respond to specific antigens.[24–
26] Enzyme catalysis is also utilized to design enzyme-responsive materials to which enzyme 
substrates or substrate mimics are tethered.[27,28]  
Additionally, there are functionalities that are responsive to more than one stimulus. 
Spiropyran derivatives, which undergo a reversible ring-opening reaction in response to metal 
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ions,[29–31] mechanical stress,[32,33] light,[34,35] and temperature,[36] are incorporated into 
polymeric materials for stimuli (e.g., force, ion) sensing and self-healing. Another example is the 
association and dissociation of disulfide bonds when triggered by either pH[37] or redox 
conditions.[38] 
Numerous areas benefit from stimuli-responsive materials. For example, almost all sensors 
are based on stimuli responsiveness, generating readable signals such as fluorescence and 
colors.[39,40] pH- and temperature-sensitive polymers find broad application in cell culture and 
controlled drug delivery.[41,42] Saccharide-sensitive moieties like phenylboronic acids that are 
able to bind cis-diols including glucose play a critical role in stimuli-responsive materials 
developed for monitoring glucose levels, controlled release of insulin, and diabetes 
therapies.[39,43] Outside labs, we are surrounded by stimuli-responsive products as well. For 
instance, in transition lenses that change color in response to sunlight are photochromic 
compounds like naphthopyrans.[44]  
Despite hundreds of papers published on a variety of stimuli-responsive materials every 
year, possibilities still exist. One challenge that lies ahead is to create stimuli-responsive systems 
wherein initial triggers initiate a cascade of events.[45] Such systems can be useful in situations 
where macroscopic response is needed while only limited or localized trigger is accessible. 
While stimuli-responsive assemblies exhibit noticeable all-or-none response to 
corresponding triggers, the trigger signal still needs to be large enough to break the stability 
window. When the stimuli response relies on a certain chemical reaction, the extent of response is 
usually proportional/linear to trigger concentration.[46] One might argue that catalytic reactions 
proceed in presence of a low catalyst level. But the reaction can be slow if heating has to be avoided 
because of undesired side reactions. Another exception is head-to-tail depolymerization of self-
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immolative polymers (e.g., poly(phthalaldehydes),[47] poly(benzyl carbamates),[48] poly(benzyl 
ethers)[49]): removal of end-capped functional groups starts a continuous depolymerization. In 
this case, the extent of response depends on the length of the polymers rather than the intensity of 
the trigger signal. 
 
1.1.1. Self-Healing Materials 
Self-healing materials are essentially stimuli-responsive ones and can be categorized into 
two groups: extrinsic and intrinsic self-healing materials.[50] 
 
Figure 1.2. In extrinsic self-healing materials, healing agents are stored in microcapsules (a) for 
microscale damages or vascular network (b) for micrometer to millimeter damages, which are 
ruptured upon cracks or delamination. Polymerization of the released liquid healing agents (with 
the matrix) leads to closure of the damages.[50] 
The key component in extrinsic self-healing materials is a compartment (e.g., capsules, 
core-shell fibers, vascular network) that segregates reactive materials (healing agents) from the 
functional matrix when the material is intact (Figure 1.2). Mechanical damages being one of the 
most common triggers to rupture capsules or vasculature sequestering healing agents,[50–53] 





application of such stimuli as acids,[54] salts,[55] electrochemical potential,[56] light,[57] 
heat.[58,59] 
 
Figure 1.3. Examples of intrinsic self-healing materials. (a) Physical bonds such as hydrogen 
bonding and metal-ligand complexation exchange with each other continuously. (b) Dynamic 
covalent bonds (top: alkoxyamines, bottom: Diels-Alder cycloadducts) that continuously associate 
and dissociate above a certain temperature.[60] 
Intrinsic self-healing materials utilize equilibrium shuffling of dynamic bonds under a 
specific condition (Figure 1.3).[60] A significant number of these materials rely on relatively weak 
physical/noncovalent bonds like hydrogen bonding,[61,62] host-guest interactions,[63–65] metal-
ligand complexation,[66,67] and - stacking.[68] The other materials within this category benefit 
from a comprehensive library of dynamic covalent chemistry including dynamic urea[69] and 






1.1.2. Self-Stiffening Materials 
 
Figure 1.4. (a) Mechanism of stiffening of gDBC-containing polybutadiene in response to a tension 
force.[71] (b) Schematic of reversible crosslinking (stiffening) and de-crosslinking (softening) of 
a BZ gel. The blue and red spheres represent the Ru ion in its reduced (divalent) and oxidized 
(trivalent) states respectively.[72] 
Different from self-healing materials featuring closure of a damage that relies of 
polymerization of bulk materials, additional crosslinks form in self-stiffening materials when 
needed to increase the material modulus. Craig et al. incorporated gem-dibromocyclopropane 
(gDBC) moieties to polybutadiene, which upon mechanical activation converted to allylic 
bromides and reacted with dicarboxylates forming extra crosslinks (Figure 1.4(a)).[71] Belousov-
Zhabotinsky (BZ) reaction was utilized to construct a mechanoresponsive self-reinforcing gel, 
where periodic reduction and oxidation of the polymer-bound Ru(terpyridine)2 (Ru(terpy)2) 





state (Ru(II)) favors formation of Ru(terpy)2 complex as a crosslink, crosslinking and thus 
stiffening of the gel was expected to delay a damage. 
 
1.2. Stimuli Amplification 
As indicated by self-immolative polymers above, stimuli amplification can be considered 
as a special type of stimuli responsiveness: the output/input ratio in this case is larger than 1 and 
potentially can be much higher. This phenomenon is not rare in the nature, which is usually 
accomplished in a sophisticated synergistic way (Figure 1.5). Touch-me-nots and Venus flytraps 
are known for transmitting local stimuli like touching at a specific position and converting them 
to macroscopic responses of the systems (e.g., global folding/closure of leaflets). Another 
prevailing example is the fight-or-flight response of animals. An epinephrine molecule is released 
upon a possible threat and first detected by a receptor that subsequently activates an associated 
enzyme. The activated enzyme catalyzes production of multiple signal relay molecules, which go 
on to activate more enzymes, releasing several orders of magnitude more epinephrine molecules 
within milliseconds.[73]  
As always, scientists and engineers are inspired by nature’s ability to amplify 
trivial/localized signals and devoted to developing various amplification strategies (in a relatively 




Figure 1.5. (a) Touch-me-not closing its leaflets when touched at the tip.[74] (b) Open (the one in 








1.2.1. Amplification of Biological Stimuli 
 
Figure 1.6. Schematics of (a) PCR[73] and (b) ELISA.[76] The yellow triangle in (b) represents 
the antigen (Ag) of interest and is immobilized in microscope wells. 
Two famous applications of stimuli amplification in the biology community (Figure 1.6) 
are polymerase chain reaction (PCR) and enzyme-linked immunosorbent assays (ELISA) with 
PCR being an example of target amplification and ELISA being label amplification. 
Since its invention by Karry Mullis, PCR has been more than helpful for rapid replication 





is first denaturized at a high temperature to yield single-stranded DNA, which is later annealed 
with DNA primers at a lower temperature. Starting from the primer, a thermostable DNA 
polymerase elongates the sequence by adding bases (i.e., adenine, thymine, cytosine, and guanine) 
one by one. This completes one cycle that is iterated to obtain abundant identical DNA 
segments.[73] 
Despite different derivatization, the key to ELISA is highly specific antibody-antigen 
interaction. An enzyme-labeled antibody first binds the target antigen directly (direct ELISA) or 
through primary antibody that binds antigen (indirect ELISA), which is immobilized in microplate 
wells. After unbound enzyme-labeled antibody is washed off, an enzyme substrate is added, whose 
consumption can be measured by optical signal changes and used to calculate concentration of the 
enzyme and the target antigen. Thanks to high reactivity of the enzyme and the ability of the 
primary antibody to bind multiple enzyme-labeled antibody, an analyte as low as several fg/mL 
can be detected and quantified.[77] As a representative of label amplification, ELISA does not 
proliferate the amount of the analyte antigen. 
 
1.2.2. Amplification of Physical Stimuli 
Our life would be much less convenient without electronic amplifiers which increase the 
power of a signal (voltage, current, or power) and can be found in sound cards of computers, hi-fi 
systems, and so on. Dominoes are another example of physical stimuli amplification. The falling 
of the first tile finally leads to all tiles falling. Combustion is also an autocatalytic process,[78] 
which may be unexpected to most people though easy to understand. In this process, temperature 




Although what drives frontal polymerization is an exothermic chemical reaction, it is 
described in this category because the stimulus that is amplified is heat. The self-sustaining thermal 
wave is able to cure a substantial size of composites with small energy input, making frontal 
polymerization a promising energy-efficient way to manufacture large composites like wind 
turbines and airplane wings.[79–81] 
 
1.2.3. Amplification of Chemical Stimuli 
Chemical amplification is usually realized by autocatalytic reactions (Figure 1.7), which 
sustain themselves with the reactions’ thermal energy release and chemical products 
(autocatalysts) when ignited by a small input.[82–85] In this dissertation, the triggerable molecules 
that decompose autocatalytically upon application of corresponding stimuli are referred to as 
stimuli amplifiers. For example, fluoride amplifier, acid amplifier, base amplifier.  
Supramolecular allosteric catalysts have been utilized for ELISA- and PCR-type 
amplification. In the former case, the analyte opens/activates the catalyst, which subsequently 
converts a substrate into a detectable signal molecule that is different than the analyte.[86] In the 
latter case, the catalyst is activated by the analyte to produce extra analyte.[84] Rebek et al.  
combined molecular recognition and compartmentalization to realize nonlinear release of 
dicyclohexylcarbodiimide (DCC) that was originally encapsulated in a dimeric capsule, leading to 
selective reaction between reactants of proper lengths and shapes.[82,83,87] Selectivity can be 
achieved even for reactants with subtle differences. Phillips and Anslyn groups contribute a lot to 
the library of chemical amplifiers based on quinone methide intermediates, and have successfully 
amplify diverse stimuli such as thiol,[88,89] fluoride,[90,91] and hydrogen peroxide.[92] 
However, further application of these chemical amplifiers is somewhat impeded by the complex 
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multi-step hard-to-scale-up synthesis of these amplifiers and the inherent thermal instability that 
leads to background decomposition (in the absence of a target trigger).[93] 
 
Figure 1.7. Examples of stimuli amplification in the chemistry community. (a) ELISA-type 
amplification by a supramolecular allosteric catalyst.[86] (b) Stimuli amplification by 
compartment.[82] (c) Thiol amplification.[88] (d) Fluoride amplification.[90] (e) Hydrogen 








The stimuli listed above play important roles in one’s health and disease diagnostics. This 
is probably why amplification of these stimuli are mostly limited to application in chemical sensors 
with substantially improved sensitivity and lowered detection limit. Can we further utilize the 
amplified species to change macroscopic properties of a material in either a constructive or a 
destructive way? The answer is yes. Self-immolative polymers are one example of this, the 
unzipping of which can be initiated by a small trigger signal. The rest of this dissertation will 
discuss a method to utilize the amplified stimulus in a constructive way.  
 
Figure 1.8. Typical conversion-time curves for catalytic and autocatalytic/proliferation 
reactions.[94,95] 
In regardless of the chemistry, when the stimuli amplifier participates in a reaction as a 
reactant, the autocatalytic reaction can be expressed as: 
A + nB → (n+1)B (eq 1.1) 
where A is the stimuli amplifier, B is the autocatalyst, and n is an integer (≥1). The exponential 
increase of the autocatalyst (B in eq 1.1) is manifested by a characteristic sigmoidal conversion-
time curve in Figure 1.8.[94,95] At the early stage, in spite of abundant reactants available, catalyst 
(B) concentration is low, which results in an induction period with slow conversion. As reaction 
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proceeds, catalyst as a product is generated exponentially, and the reaction is accelerated due to an 
increased observed rate constant (k[B], where k is the rate constant of the autocatalytic reaction), 
in accordance with an increasing slope in Figure 1.8. At the end of the reaction, the effect of 
depleting reactants dominates, so the conversion-time curve levels off. Depending on the reaction 
efficiency, the sigmoidal curve of autocatalytic reactions can be further distinguished into 
exponential (for efficient systems) and parabolic (for systems with limited efficiency) ones. Half 
life (t1/2, when 50% conversion is achieved) and gradient (slope at t1/2) can also be used as indices 
for reaction kinetics of an autocatalytic system. The difference between autocatalytic and catalytic 
reactions are also well described in the figure. In a catalytic reaction, catalyst concentration is a 
constant while the reactant concentration decreases monotonically, leading to gradually decreasing 
reaction rate and slope. 
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Frontal polymerization (Chapter 1) has been successfully exploited to strengthen materials, 
where heat amplification results from release of ring strain of the monomers.[1–3] However, heat 
is hard to manage or encapsulate, which necessitates the use of external triggers (e.g., resistive 
wires, heat guns, magnetic field). Additionally, while frontal polymerization is a time- and energy-
efficient way to convert monomers to materials, it is not always desired to apply too much heat to 
a material, which may induce undesirable side reactions.[4] Therefore, we were stimulated to 
utilize a chemical amplification strategy to convert a dilute chemical trigger, which is more likely 
to be encapsulated or comes from the environment – corrosion is usually accompanied by local 
acid/base release,[5–7] for example – to macroscopic and finally global constructive property 
changes of a material. 
Acids are the very first group of stimuli that we aimed to amplify because of versatility of 
acids in chemical reactions, small size of H+ that affords relatively high mobility in materials 
compared to larger molecules, as well as diverse acid species that are readily available. An acid 
amplifier (AA) should meet the following criteria to be practically useful. First, AA should be 
reasonably stable in the absence of an acid so as to minimize undesired background decomposition. 
Meanwhile, AA should be rapidly decomposed by an acid trigger at its working temperature to 
liberate an acid product that is strong enough to resume catalyzing decomposition of remaining 
AA molecules.[8,9] 
One can find many inorganic examples that proliferate mineral acids, e.g., reactions of 
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bisulfite-bromate,[10,11] iodate-arsenous acid,[12,13] and chlorite-tetrathionate.[14,15] In a 
recent paper, a reaction of bisulfite and iodate, which is autocatalytic in both H+ and I- was applied 
to the design of artificial muscles.[16] Compared to an organic acid amplification system, these 
inorganic counterparts often exhibit a higher amplification factor ((Iamplification – Ibackground)/ 
Iamplification).[17] The poor solubility/miscibility of inorganic species in nonaqueous/nonpolar 
systems and difficulty in modifying an inorganic species, however, limit their application in soft 
materials. 
 
Scheme 2.1. Examples of acid amplifiers in literature. 
Various families of organic acid amplifiers (Scheme 2.1) are known to date, including 
acetoacetates (the first type of acid amplifier),[8] benzenesulfonates,[18] -sulfonyloxyketals,[19] 
1,2-diolmonosulfonates,[20,21] benzyl sulfonate,[18] trioxanes,[22] 2-naphthoate/ 
naphthalenesulfonate[23] and disulfonimide.[24] Some were even derivatized to corresponding 
polymers,[25–29] releasing polymeric or small molecular acids, depending on which part of the 
amplifier was modified to be polymerizable, the former of which to some extent limits mobility of 
protons. “Amplification” here can mean an increase in acid strength, besides proliferation of acid 
Acetoacetate 1,2-Diolmonosulfonate -Sulfonyloxyketal 2-Naphthoate 
2-Naphtholenesulfonate Trioxane Benzenesulfonate Disulfonimide 
20 
 
molecules. For example, in this work, a stronger acid – pentafluorobenzenesulfonic acid 
(calculated pKa = -2.2), 2-(trifluoromethyl)benzenesulfonic acid (calculated pKa = -1.2)[29] – is 
released in the presence of catalytic trifluoroacetic acid (pKa = 0.5).[30] 
Hitherto, application of AAs is almost exclusively in photolithography, where nonlinear 
proliferation of acid molecules triggered by a photo-generated acid simultaneously improves 
resolution, photosensitivity, and lowers line edge roughness.[9] Acid amplifier was also utilized 
as an additive to accelerate decomposition of cyclic poly(phthalaldehyde)/poly(propylene 
carbonate) nanofibers once triggered by a photogenerated acid.[31] 
 
Scheme 2.2. In the acid amplified system, a dilute acid trigger initiates nonlinear decomposition 
of acid amplifier and resultant crosslinking of a functional polymer.[32] 
In this chapter, we were exploring the possibility of using an organic acid amplifier to 
convert a below-threshold acid to constructive reactions of a functional polymer, i.e., formation of 
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new bonds in the matrix (Scheme 2.2). The word “below-threshold” means that the acid trigger 
alone is not able to induce global property changes of the polymer. This work was in collaboration 
with Dr. Ariane Vartanian, a former Ph.D. student in Braun group, who mainly contributed to the 
experiments of acid amplification in a polymer system. 
 
2.2. Materials and Characterization 
3-Methoxy-3-methyl-1-butanol, 3-methyl-1,3-butanediol, pentafluorobenzenesulfonyl 
chloride, 4-(trifluoromethyl)benzenesulfonyl chloride, 2-(trifluoromethyl)benzenesulfonyl 
chloride, vinyl-1,2-polybutadiene (~90% vinyl, Mw = 2,000 g/mol), cis-1,4-polybutadiene (75% 
cis-1,4, 24% trans-1,4, 1% vinyl, Mw = 3,000 g/mol) were purchased from Sigma-Aldrich. All was 
used as received unless specified. 
Nuclear magnetic resonance (NMR) study was conducted on a Varian U500. 19F NMR was 
referenced using an external standard (0.1 vol% CFCl3 in CDCl3). 
 
2.2.1. Synthesis of Acid Amplifiers (AAs) 
 





Synthesis of AAs (Scheme 2.3) followed published recipes in literature.[9] 
 
AA1: 1.07 g 3-Methoxy-3-methyl-1-butanol (9.1 mmol, 2.4 e.q.) and TEA (6.0 mmol, 1.6 
e.q.) are dissolved in 12 mL DCM, and cooled down in an ice bath. 0.99 g 
Pentafluorobenzenesulfonyl chloride (3.7 mmol, 1 e.q.) was added dropwise. Subsequently the 
solution was stirred for 2 h at r.t. and for another 30 min after 12 mL saturated NaHCO3 was added. 
50 mL DCM was used to extract the organics, which was later washed with 0.5 M HCl (40 mL × 
3), saturated NaHCO3 (a.q., 40 mL), and brine (40 mL). After being dried over Na2SO4, filtered, 
and concentrated, the crude product was purified using silica gel chromatography (ethyl 
acetate/hexane = 1/4, v/v). 1H NMR (500 MHz, CDCl3): 4.43 (t, 2H), 3.15 (s, 3H), 1.99 (t, 2H), 
1.19 (s, 6H) ppm. 19F NMR (500 MHz, CDCl3): -134.62 (d, 2F), -143.82 (t, 1F), -158.20 (t, 2F) 
ppm. 
 
AA2: 0.79 g 3-Methyl-1,3-butanediol (7.5 mmol, 2.5 e.q.) and TEA (3.6 mmol, 1.2 e.q.) 
are dissolved in 7 mL DCM, and cooled down in an ice bath. 0.80 g Pentafluorobenzenesulfonyl 
chloride (3.0 mmol, 1 e.q.) was added dropwise. Subsequently the solution was stirred for 1.5 h at 
r.t.. 50 mL DCM was used to extract the organics, which was later washed with brine (40 mL × 
3). After being dried over Na2SO4, filtered, and concentrated, the crude product was purified using 
silica gel chromatography (ethyl acetate/hexane = 3/7, v/v). AA2 is so unstable that rapid 
decomposition was observed even during room-temperature rotavaporation. Hence, no further 
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analysis or study was conducted. 
 
AA3: 1.9 g 3-Methyl-1,3-butanediol (18.2 mmol, 1.2 e.q.) was dissolved in 15 mL 
pyridine, and cooled down in an ice bath. 3.67 g 4-(Trifluoromethyl)benzenesulfonyl chloride 
(15.0 mmol, 1 e.q.) was dissolved in 8 mL pyridine and added dropwise. Subsequently the solution 
was stirred for 2 h at r.t. 40 mL ethyl acetate was added to dilute the final solution, which was then 
washed with 1 M HCl (50 mL × 3), saturated NaHCO3 (a.q., 50 mL), and brine (50 mL). The 
organic phase was dried over Na2SO4, filtered, and pure AA3 was obtained after solvent removal. 
1H NMR (500 MHz, CDCl3): 8.06 (m, 2H), 7.84 (m, 2H), 4.29 (t, 2H), 1.90 (t, 2H), 1.24 (t, 6H) 
ppm. 19F NMR (500 MHz, CDCl3): -63.69 (s, 3F) ppm. 
 
AA4: 1.25 g 3-Methyl-1,3-butanediol (12.0 mmol, 2.9 e.q.) and 0.82 g TEA (8.1 mmol, 
1.9 e.q.) was dissolved in 7.5 mL DCM, and cooled down in an ice bath. 1.02 g 2-
(Trifluoromethyl)benzenesulfonyl chloride (4.2 mmol, 1 e.q.) was dissolved in 10 mL DCM and 
added dropwise. Subsequently the solution was stirred for 7 h at r.t. 40 mL DCM was added to 
dilute the final solution, which was then washed with 1 M HCl (12 mL × 2), saturated NaHCO3 
(a.q., 12 mL), and brine (12 mL). After being dried over Na2SO4, filtered, and concentrated, the 
crude product was further purified using silica gel chromatography (ethyl acetate/hexane = 1/4, 
v/v). 1H NMR (500 MHz, CDCl3): 8.19 (m, 1H), 7.88 (m, 1H), 7.74 (m, 2H), 4.26 (t, 2H), 1.85 (t, 




2.3. Results and Discussion 
2.3.1. Kinetics of Acid Amplification in Solution 
The four acid amplifiers that were synthesized were chosen simply because of their easy 
scalable synthesis and the strong fluorinated sulfonic acids that can be released when triggered by 
an acid. They are composed of three parts:[9] 
i) an acid precursor of the acid product (pentafluorobenzenesulfonic acid for AA1 and 
AA2, 4-(trifluoromethyl)benzenesulfonic acid for AA3, 2-(trifluoromethyl)-
benzenesulfonic acid for AA4); 
ii) a trigger that becomes a good leaving group when protonated by an acid (R2: 
methoxy for AA1, hydroxyl for AA2, AA3, and AA4); 
iii) a body.  
 
Scheme 2.4. Mechanism of acid-catalyzed decomposition of AA.[9] 
As shown in Scheme 2.4, the trigger part of AA is first protonated by an acid trigger that 
is applied either manually or in situ upon UV irradiation or heat treatment, and then eliminated, 
yielding an allylic sulfonic ester and regenerating the initial acid trigger. The allyl group facilitates 
a second elimination of isoprene yielding a sulfonic acid product. Together with the initial acid 
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trigger, this acid product catalyzes following cycles of AA decomposition until acid amplifier is 
consumed or acid is quenched. Thanks to the positive feedback loop as one can see from the 
mechanism, AA is inherently able to respond to even a dilute acid (trifluoroacetic acid here) 
trigger.  
Decomposition kinetics of AA1 in the presence of 1 mol% (vs AA1) TFA was monitored 
in deuterated benzene (benzene-d6) at 60 °C by 
19F NMR (Figure 2.1 (a)). Intensities of the three 
peaks assigned to AA1 reduced over time concomitant with appearance of three new resonances 
due to generation of pentafluorobenzenesulfonic acid (PFBSA). Integrals of AA1 and acid product 
(PFBSA) peaks were normalized by eq 2.1 and eq 2.2 and plotted against time in Figure 2.1(b): 
Normalized integral of AA1 =  
IAA1
IAA1 + IPFBSA
 (eq 2.1) 
Normalized integral of acid product =  
Iproduct
IAA1 + IPFBSA
 (eq 2.2) 
where IAA1 and IPFBSA are integrals of AA1 and PFBSA respectively. Both curves are sigmoidal, 
which is characteristic of autocatalytic reactions. An induction period existed at the beginning of 
the reaction when acid amplification was slow because of scarce acid trigger available in the 
solution. Subsequently, acid production escalated and eventually tapered off as acid amplifier was 
exhausted. Complete conversion was observed by 9 h. 
Although acid amplification is autocatalytic by mechanism (Scheme 2.4) and does not 
consume any acid, an irreversible side reaction indeed exists between trifluoroacetic acid and 
methanol that is generated in the first step of acid amplification as indicated by a new fluorine peak 
at -75.66 ppm (methyl trifluoroacetate, Figure 2.2(a)). Adding methyl trifluoroacetate into the 
sample after the amplification process did not give new peaks in the spectrum, but rather, increased 
the peak intensity at -75.66 ppm (Figure 2.2(b)). To confirm that TFA and methanol can readily 
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react with each other, a mixture of TFA and methanol was measured in CDCl3 by NMR right after 
sample preparation and a significant portion of methyl trifluoroacetate was found as indicated by 




Figure 2.1. (a) 19F NMR reaction monitoring of 108 mM AA1 and TFA (100:1, mol:mol) in 
benzene-d6 at 60 °C. Complete conversion of AA1 was observed after ~9 h starting with 100:1 
(mol:mol) AA:TFA. Integral values normalized to resonances at -135.95 ppm (AA1) and -138.26 
ppm (PFBSA). (b) The profiles of AA1 consumption and PFBSA formation are sigmoidal, which 













Figure 2.2. (a) 19F NMR indicates formation of methyl trifluoroacetate (-75.66 ppm) as a side 
reaction as acid proliferated. (b) Addition of extra methyl trifluoroacetate into the reaction solution 
after complete decomposition increased the intensity of the peak at -75.66 ppm in 19F NMR.  
The normalized integral profile of AA1 can be fitted by an autocatalytic kinetic model 
assuming coexistence of an autocatalytic reaction (kA) and a nonautocatalytic one (kN).
+ Here we 
ignore the side reaction between TFA and methanol. Thus, the former rate constant (kA) is for AA1 
decomposition catalyzed by the acid, while the latter (kN) is for hydrolysis of AA1 (kh), if any: 











Hence the overall rate equation describing acid amplification is:  
−d[AA1]
dt
 = kA[AA1][acid] + kN[AA1] 
= kA[AA1]([AA1]0 - [AA1]) + kN[AA1] 
= kA c(c0 - c) + kN c (eq 2.4)  
where c0 and c are AA1 concentrations at t and 0, respectively, and “acid” includes both TFA and 







) + (kN + kAc0)t (eq 2.5) 










 + (kN + kAc0)t+kA)c0
 (eq 2.6) 
 
Figure 2.3. 1H NMR spectra of AA1 in benzene-d6 (top) and AA1 in benzene-d6 after heated at 80 
°C for 18 h (bottom).[32] 
Fitting results show kA = 27.90 L·mol
-1·h-1, kN = 4.78 × 10
-11 h-1, R2 = 0.99. kN is very 
small because i) the acid trigger (TFA) added into the reaction was only 1 mol% relative to AA1, 




and ii) little side reaction including hydrolysis happened in the nonpolar benzene-d6 solution. The 
high thermal stability of AA1 was corroborated by a control experiment done by Dr. Ariane 
Vartanian (Figure 2.3): little thermal decomposition of AA1 was observed even when 
AA1/benzene-d6 was heated at 80 °C for 18 h. The fact that kA is over 11 orders of magnitude 
higher than kN also suggests that acid amplification mainly proceeded in an autocatalytic fashion. 
Same as observed in 19F NMR spectra, proton signals of AA1 disappeared as reaction 
progressed (Figure 2.4(a)). Interestingly, a peak of acid protons was observed at 1.15 ppm in the 
1H NMR spectrum at t = 0, which later moved sharply downfield to 11.33 ppm as the reaction 
progressed (Figure 2.4(b)). This trend agrees with the rapid proliferation of a strong acid 
(pentafluorobenzenesulfonic acid, PFBSA), then a tapering off in concentration as acid amplifier 
was consumed (Figure 2.1(b)). After the measurement, some crystal-like precipitates were seen at 
the bottom of the NMR tube, which is probably the polar pentafluorobenzenesulfonic acid product. 
Precipitation of PFBSA out of the solution caused a slight decrease in the acid concentration and 
solution polarity, accounting for slight upfield shift of the peak after about 8 h. Meanwhile, the 
integral of this peak increased over time, in accordance of accumulation of the acid products. 
However, it was initially difficult to assign this moving peak to a specific proton. On the one hand, 
a specific proton except a reactive one (e.g., acid protons) is usually expected to appear at a 
relatively narrow range of chemical shifts depending on its chemical environment. On the other 





Figure 2.4. (a) 1H NMR reaction monitoring of 108 mM AA1 and TFA (100:1, mol:mol) in 
benzene-d6 at 60 °C. Reaction progress can be quantified by reduction in AA1 peaks.  (b) Chemical 
shift of the acidic proton peak was plotted against time. Data points were omitted if the peak 












Figure 2.5. (a) 1H NMR spectra of mesitylene (internal standard) and 1.08 mM TFA (i) in benzene-
d6 at 60 °C. The peak (*) at 1.12 ppm was attributed to impurities in deuterated benzene. (b)
 1H 
NMR spectra of 1.08 mM TFA (ii, top) and 184 mM TFA (iii, bottom) in benzene-d6 at 60 °C. 
In order to verify the assignment of this moving peak, a series of control experiments were 










ii) 1.08 mM TFA 
iii) 184 mM TFA 
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i) a “blank” sample with mesitylene (internal standard) and 1.08 mM TFA inbenzene-
d6; 
ii) 1.08 mM TFA in benzene-d6; 
iii) 184 mM TFA in benzene-d6. 
In i), the reactive proton peak was initially at ~0.8 ppm – the residual water peak in benzene-d6 is 
at 0.40 ppm – and only moved a little downfield over the experimental window of 15 h despite 
some broadening of the peak due to continuous exchange of reactive protons (Figure 2.5 (a)), 
suggesting that the peak shifting in Figure 2.4 was due to acid amplification and that the shifting 
peak was from AA-related species. ii) and iii) contain different concentrations of TFA in benzene-
d6 (Figure 2.5(b)). The broad peak associated with reactive protons (acid proton and water) were 
at 0.71 ppm and 6.41 ppm for ii) and iii) respectively owing to different extents of hydrogen 
bonding and changes in the solution polarity. 
Now it is sound to say that the chemical shift of an acidic proton is dependent on the 
concentration of the acid, which influences the polarity of the medium and extent of hydrogen 
bonding, although a chemical shift at ~1 ppm is somewhat unexpected. This is because benzene-
d6 is such a nonpolar solvent, where dissociation of TFA is not favored and therefore dilute TFA 
can be treated as a very weak acid. Acid amplification leads to accumulation of PFBSA, gradually 
increasing solvent polarity over time. Meanwhile, the extent of acid dissociation increases as 
dissociated TFA becomes more and more thermodynamically stable, extending the deshielding of 
acid protons. In this context, the chemical shift of the reactive proton (from acids and residual 
water) peak serves as a visual indicator of the increasing acidity of the solution. 
AA3 and AA4 (Scheme 2.3) were synthesized because of their higher stability than AA1 
at some cost of the acidity of product acids – pentafluorobenzenesulfonic acid (product acid from 
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AA1, calculated pKa = -2.2), 2-(trifluoromethyl)benzenesulfonic acid (product acid from AA4, 
calculated pKa = -1.2).[29] However, AA3 and AA4 turned out to be very stable in nonpolar 
benzene-d6 that was deliberately used here to minimize possible hydrolysis of these sulfonate 
amplifiers, for no decomposition was observed after 12 h in benzene-d6 at 60 °C. Therefore, no 
further discussion will be mentioned about these two amplifiers. 
 
2.3.2. Acid Amplification in a Polymer System 
This part of work was done by Dr. Ariane Vartanian,[32] and therefore will only be briefly 
mentioned to showcase the feasibility of amplifying an acid trigger in a polymer matrix. 
 
Scheme 2.5. Chemical structures of v-PB and c-PB. 
 
Scheme 2.6. Acid-triggered cationic crosslinking of polybutadienes.[34–37] 






selected as model matrices, because their nonpolarity minimizes water content in the matrix which 
would otherwise raise the issue of amplifier hydrolysis, and meanwhile, their low glass transition 
temperature (Tg:  -103 °C for c-PB,[38] -10 °C for v-PB[39]) allows for solubility and mobility of 
acid (TFA) and acid amplifier. The abundant double bonds on the backbone or side groups of 
polybutadiene enable acid-triggered cationic crosslinking of these oligomers transforming 
oligomeric polybutadiene from a viscous fluid to an elastomeric or glassy solid (Scheme 2.6).[32] 
This makes polybutadienes perfect candidates for this demonstration, since a successfully 
amplified acid signal would lead to an obvious liquid-solid transition. 
 
Figure 2.6. v-PB and c-PB were loaded with AA1 (amplifier) and triggered with catalytic TFA 
(catalyst) at 70 °C. Macroscopic phase changes from liquids to solids were observed in both 
polymers. Control samples with only TFA or AA1 remained viscous fluids despite limited extent 
of crosslinking.[32] 
Degassed v-PB or c-PB, AA1 (2.5 vol%) and TFA (1 vol%) were mixed and loaded into a 
sealed syringe. After 30 min in a 70 ℃ oven, both v-PB and c-PB loaded with AA1 and TFA had 
undergone a global phase change to elastomeric solids (Figure 2.6). As controls, samples of v-PB 
and c-PB with only AA1 or TFA were also tested. Polybutadienes without AA1 showed no global 
changes even after 24 h. In c-PB, the TFA catalyst cross-linked only the local section of polymer 
that it was in contact with. v-PB experienced negligible crosslinking with only TFA. In both cases, 
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the rare catalyst alone failed to induce crosslinking throughout the polymer. The polymers loaded 
with only AA1 did not experience a phase change either. 
 
2.4. Conclusion 
We demonstrated the use of an acid amplifier to amplify small acid signals and induce 
macroscopic changes of material properties. This acid amplifier (AA1) is thermally stable on its 
own but undergoes cascade decomposition in the presence of acid triggers. Vinyl-1,2-
polybutadiene and cis-1,4-polybutadiene were explored as potential matrices considering their 
wide industrial application. Only when both a rare acid and the acid amplifier were present, did 
the matrices convert from their initial liquid state to crosslinked elastomers. In more realistic 
scenarios, embedded or latent trigger sources – acid microcapsules and acid-generating 
mechanophores,[40] for example – are more desirable than manually added triggers. 
Despite all these possibilities, further application of current acid amplifiers still requires 
either scientific or engineering efforts to overcome such problems as high temperatures necessary 
for reasonably fast amplification, susceptibility to even weak nucleophiles like water and resultant 
short shelf life. Several efforts were published to enhance thermal stability of acid amplifiers at 
little cost of the acidity of corresponding acid products. Rainard et al. reported 100,000 times 
improvement in stability of AAs that generate fluorinated sulfonic acids by using a non-allylic 
trigger structure and introducing a trifluoromethyl group to the  position, both of which hinder 
SN1 and SN2 reaction of acid amplifiers.[29] A disulfonimide acid amplifier was synthesized in 
2017 which produces a superacid at high efficiency and is thermally stable because of the bulky 
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CHAPTER 3: BASE AMPLIFICATION IN SMALL-MOLECULE SOLUTIONS 
 
3.1. Introduction 
One common feature of most acid amplifiers that hinders their application in other practical 
materials than photoresists is their susceptibility to not only acids but also nucleophiles even as 
weak as water. These reactive molecules hydrolyzed during solvent evaporation after casted with 
a polymer and decomposed after weeks even when stored in a freezer. Such awful stability makes 
it almost impossible to add any acid scavenger molecules (usually a base) to remove any potential 
contaminants and eliminate background decomposition. There is often trade-off between reactivity 
and stability. However, these unstable acid amplifiers still require relatively high temperatures 
(e.g., 60 °C) for reasonably fast amplification. Hence, in order to couple a stimuli amplification 
reaction with a second reaction that converts the amplified stimuli to material property changes, it 
is urgent to find a stimuli amplifier with a good reactivity-stability balance. 
Since having published the first two papers on base amplification in 1999,[1,2] Arimitsu 
and Ichimura et al. have been devoted to devising diverse base amplifiers (BAs).[3–7] The 
majority of these and succeeding base amplifiers (Scheme 3.1) share the same moiety, that is, 
fluorenylmethyloxycarbonyl (Fmoc). Fmoc is a routinely used protecting group for amines in 
organic synthesis and solid-state peptide synthesis.[8] Not many people had noticed the 
autocatalytic characteristics of Fmoc deprotection before the base amplifier paper published in 
1999,[2] probably because usually largely excessive base is used for fast and complete 
deprotection. Other types of base amplifiers include phenylsulfonylethyl carbamates,[1,9] 
thioxanthenyl carbamates,[10] 3-nitropentan-2-ylcyclohexylcarbamate,[11,12] and malonate 
derivatives.[13] One can modify the amine moiety to make branched,[14] dendritic,[4] polymeric 
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base amplifiers,[7,15] releasing multifunctional amine when triggered, crosslinking functional 
polymers like epoxy. Siloxane-based base amplifiers have been synthesized.[9,16,17] The base-
amplifying moiety can also be modified onto inorganic particles (e.g., silica particles) to synthesize 
a triggerable multifunctional crosslinker of an inorganic-organic composites.[18,19] Different 
functionalities have been integrated to base amplifiers for different purposes. For example, base 
amplifier can be made sensitive to UV light so as to release base when irradiated.[17] 
 
Scheme 3.1. Different types of base amplifiers reported in literature. 
As one may notice from previous introduction of chemical amplification in Chapter 1, the 
majority of these strategies including base amplification are applied to stimuli sensing. Mohapatra 
et al. reported BAs capable of releasing one or two equivalent piperidine molecules and used them 
in tandem with an Pd-triggered amine release event to differentiate samples that differ in Pd 







units, this BA requires tedious synthesis steps. In these sensing applications, the amplified signal 
was simply detected or measured by a certain analytical technique but rarely utilized for any 
constructive or destructive chemical reactions that could substantially modify mechanical 
properties of a material. 
Like their acid counterparts, non-sensing applications of base amplifiers include mainly 
photolithography. Besides, a disulfide-containing base amplifier that generates a diamine when 
triggered was used to cure epoxy resins, and the dynamic nature of disulfide bond makes the final 
resin dismantlable.[21] In solid-state applications (i.e., not in a solution), experiments were all 
conducted at high temperature (e.g., 160 °C) to allow for efficient amplification within the 
materials. However, the high temperature obscures the mechanism of base amplification: is the 
increase in base concentration a result of base-triggered autocatalytic decomposition of base 
amplifiers or thermal decomposition of theses reactive molecules considering their inherent 
thermal instability? 
He et al. reported domino free radical polymerization of acrylate monomers by coupling 
easily-synthesized BAs with amine-mediated redox initiation.[22,23] The starting mixture is 
monomer solutions, which lack essential material properties but indeed facilitate base 
amplification compared to those solvent-free applications mentioned above. Although acrylate 
polymerization was performed without extra heating, a great amount of heat was generated from 
redox reaction of released amines and dibenzoyl peroxide – temperature of the reaction medium 
could reach as high as 210 °C. Nonetheless, base amplifiers (Scheme 3.2) reported by the authors 
showed rapid decomposition in solution (DMSO-d6) at room temperature when triggered by 5 
mol% base trigger.  
In order to design a sensitive material truly based on autocatalytic base amplification rather 
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than thermal decomposition, we deliberately chose catechol-Fe complexation as a model reaction 
to convert the amplified base signal to macroscopic material property changes, which occurs 
readily at room temperature without heat release. The equilibrium of catechol-Fe complexation 
can be tuned by adjusting pH or base concentration of the environment (Figure 3.1): in an acidic 
medium, Fe (III) tends to bind catechol group in a 1:1 ratio; as pH or base concentration increases, 
the complexation ratio shifts to 1:2 and eventually 1:3. When catechol group is tethered to a 
material, formation of bis- and tris-catecholato-Fe(III) complexes as additional crosslinking units 
is expected to induce sol-gel transition or stiffen a material.  
 
Figure 3.1. pH dependence of catechol-Fe complexation. Polymer chains on the right are colored 
according to the actual colors of corresponding complexes.[24] 
In this chapter, reactivity and stability of several base amplifiers were first studied in 
solution by NMR spectroscopy so as to choose useful BAs with good balance between these two 
properties. Pyrocatechol and FeCl3 were later added to check the compatibility of base 
amplification and catechol-Fe (III) complexation. 
 
3.2. Materials and Characterization 
Piperidine (PD), 4-benzylpiperidine (BPD), hexamine (HA), 4,4’-trimethylenedipiperidine 
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(TMDPD), FeCl3, pyrocatechol (PC), trifluoroacetic acid (TFA), pyrocatechol, and 
trimethylamine (TEA) were purchased from Sigma-Aldrich. 9-Fluorenylmethyl chloroformate 
(Fmoc-Cl) was purchased from TCI America. All was used as received unless specified. 
Nuclear magnetic resonance (NMR) study was conducted on a Varian U500 (500 MHz). 
Thermogravimetric analysis (TGA) was performed on TA Q50 TGA under nitrogen atmosphere. 
 
3.2.1. Synthesis of Base Amplifiers (BAs) 
BA (Scheme 3.2) synthesis followed what was reported in literature.[3,23] 
 
Scheme 3.2. Chemical structures of base amplifiers. 
 





round bottle flask and placed in an ice bath.  A solution of 15.3 mL (154.6 mmol, 2 e.q.) piperidine 
in 200 mL DCM was added dropwise into the flask under stirring. After 20 min, the reaction was 
warmed up to room temperature, and continued for another 1.5 h. The mixture was then washed 
with deionized water, 5% HCl, and brine successively. The organic phase was dried over MgSO4, 
filtered, and concentrated. Pure BA-PD was obtained by recrystallization from ethanol and dried 
under vacuum. 1H NMR (500 MHz, CDCl3): 7.77 (d, 2H), 7.59 (d, 2H), 7.40 (t, 2H), 7.32 (t, 2H), 
4.40 (d, 2H), 4.26 (t, 1H), 3.45 (t, 4H), 1.54 (s, 6H) ppm. 
BA-BPD: 20 g (77.3 mmol, 1 e.q.) Fmoc-Cl was dissolved in 500 mL dichloromethane in 
a round bottle flask and placed in an ice bath.  A solution of 27.1 mL (154.6 mmol, 2 e.q.) 4-
benzylpiperidine in 200 mL DCM was added dropwise into the flask under stirring. After 20 min, 
the reaction was warmed up to room temperature, and continued for another 1.5 h. The mixture 
was then washed with deionized water, 5% HCl, and brine successively. The organic phase was 
dried over MgSO4, filtered, and concentrated. The crude product was purified using silica gel 
chromatography (ethyl acetate/hexane = 1.5/10, v/v) giving a viscous liquid. 1H NMR (500 MHz, 
CDCl3): 7.77 (d, 2H), 7.58 (d, 2H), 7.40 (t, 2H), 7.31 (m, 4H), 7.22(m, 1H), 7.15 (m, 2H), 4.41 (d, 
2H), 4.26 (t, 1H), 4.13 (d, 2H), 2.73 (br, 2H), 2.55 (d, 2 H), 1.70 (m, 3H), 1.15 (s, 2H) ppm. 
BA-HA: 2 g (7.72 mmol, 1 e.q.) Fmoc-Cl was dissolved in 50 mL dichloromethane in a 
round bottle flask and placed in an ice bath.  A solution of 2.03 mL (15.4 mmol, 2 e.q.) hexyamine 
in 20 mL DCM was added dropwise into the flask under stirring. After 20 min, the reaction was 
warmed up to room temperature, and continued for another 1.5 h. The mixture was then washed 
with deionized water, 5% HCl, and brine successively. The organic phase was dried over MgSO4, 
filtered, and concentrated. Pure BA-HA was obtained by recrystallization from ethanol and dried 
under vacuum. 1H NMR (500 MHz, CDCl3): 7.77 (d, 2H), 7.60 (d, 2H), 7.40 (t, 2H), 7.31 (t, 2H), 
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4.40 (d, 2H), 4.22 (t, 1H), 3.19 (m, 2 H), 1.50 (m, 2H), 1.30 (m, 6H), 0.89 (m, 3H) ppm.  
 
BA-TMDPD: 2 g (7.72 mmol, 1 e.q.) Fmoc-Cl was dissolved in 50 mL dichloromethane 
in a round bottle flask and placed in an ice bath.  A solution of 1.63 g (7.72 mmol, 1 e.q.) 4,4’-
trimethylenedipiperidine in 20 mL DCM was added dropwise into the flask under stirring. After 
20 min, the reaction was warmed up to room temperature, and continued for another 1.5 h. The 
mixture was then washed with deionized water, 5% HCl, and brine successively. The organic phase 
was dried over MgSO4, filtered, and concentrated. Pure BA-TMDPD was obtained by 
recrystallization from ethanol and dried under vacuum. 1H NMR (500 MHz, CDCl3): 7.77 (d, 4H), 
7.59 (d, 4H), 7.40 (t, 4H), 7.32 (t, 4H), 4.41 (d, 4H), 4.25 (t, 2H), 4.15 (d, 4H), 2.78 (b, 4 H), 1.68 
(d, 4H), 1.44-1.08 (m, 12H) ppm. 
 
3.2.2. UV-Vis Measurement 
Ultra-violet (UV-Vis) spectra were recorded on Shimazu UV-2450. 22 μg/mL FeCl3 and 
44 μg/mL pyrocatechol (Fe/pyrocatechol = 1/3, mol/mol) were dissolved in 1 mM TFA/DMSO. 
After a base solution in 1 mM TFA/DMSO of a certain concentration was added, time-lapse UV-
Vis spectra were obtained at an interval of 5 min at room temperature. Effective base 
concentrations are the apparent ones subtracted by TFA concentration (Cbase, effective = Cbase – CTFA, 




3.3. Results and Discussion 
3.3.1. Thermal Stability of Base Amplifiers 
While different functionalities such as photobase generating group and disulfide bond can 
be incorporated into a base amplifier, we chose the simplest structure of base amplifier (Scheme 
3.2) because of their scalable synthesis and the maturity of Fmoc chemistry, and because the key 
to amplified stiffening performance in the target application is no more than successful release of 
a base whenever needed. 
 
Figure 3.2. (a) Thermal decomposition of BAs proceeds via a monomolecular mechanism.[25] 
Thermal decomposition of BA-TMDPD was not depicted here due to its similarity to that of BA-
PD. (b) Dynamic TGA traces of BAs. Samples were heated to 500 °C at a heating rate of 10 °C 
/min under nitrogen atmosphere. 
Dynamic thermogravimetric analysis (TGA) was used to evaluate thermal stability of base 
amplifiers, which is a pivotal criterion for selection of useful base amplifiers. As shown in Figure 
3.2(a), thermal decomposition of base amplifiers proceeds through a monomolecular mechanism  
and did not occur until 104 °C for BA-PD, 110°C for BA-BPD, and 150 °C for BA-HA (Figure 
3.2(b)). The first weight loss for BA-BPD was due to evaporation of residual solvent (ethyl 




at high temperature which otherwise could help remove the solvent by reducing viscosity.  
 
3.3.2. Kinetics Study of Base Amplification in Solution 
All four base amplifiers meet the requirement of reasonable thermal stability. Therefore, 
their decomposition kinetics was then investigated in solution using 1H NMR. 
Mechanism of base amplification is well-understood (Scheme 3.3).  A base trigger first 
attacks the acidic methine proton to initiate BA decomposition generating dibenzofulvene (DBF) 
as a side product and an unstable carbamic acid intermediate. This intermediate spontaneously 
releases CO2 and an extra amine molecule, which in turn triggers decomposition of remaining BA 
molecules. Although theoretically any base is able to kick off the amplification reaction, the amine 
precursors (Scheme 3.4) were used as the base trigger corresponding base amplifiers to simply the 
situation. 
 
Scheme 3.3. Mechanism of base-triggered decomposition of BAs. Besides an amine, 




Scheme 3.4. Chemical structures of amine precursors used to synthesize and trigger corresponding 
base amplifiers. 
CDCl3 was first used as the solvent for base amplification. Even after 10 hours, little 
decomposition of BA-BPD was observed in the presence of 5 mol% BPD (vs BA-BPD) (Figure 
3.3) probably due to stabilization of base amplifier by residual acid in the solvent. When dioxane-
d8 was used, 12% of BA-BPD decomposed within 9 h at 25 °C. Not surprisingly, more polar 
solvents would stabilize the fluorenyl carbanion after proton abstraction from the Fmoc group by 
the base trigger, resulting in faster decomposition of base amplifier. Complete decomposition of 
BA-BPD was observed within 1.5 h in DMSO-d6 (Figure 3.3), one of the most polar organic 
solvents. However, obvious decomposition of base amplifiers was observed in DMSO-d6 even in 
the absence of a base trigger and proceeded rapidly as indicated by appearance of dibenzofulvene 
(DBF) peak at 6.27 ppm (Figure 3.4). This is because the partially charged sulfonyl group of 
DMSO can act as a base to abtract the acidic proton of Fmoc group and initiate nonlinear 
decomposition of base amplifier (Scheme 3.5).[25] Addition of 1 mM trifluoroacetic acid (TFA) 
to DMSO-d6 sufficed to stabilize base amplifiers. As shown in Figure 3.5, excessive 4-
benzylpiperidine and trifluoroacetic acid were added into BA-BPD/DMSO-d6 solution 
alternatively. Decomposition of BA-BPD was immediately terminated when the solution was 
tuned to be acidic but resumed when the basicity was recovered. So all further NMR studies were 










Figure 3.3. Decomposition profiles of 100 mM BA-BPD in CDCl3, dioxane-d8, and DMSO-d6 at 





Figure 3.4. (a) Decomposition profiles of 100 mM base amplifiers in DMSO-d6 at 25 °C in the 
absence of a base trigger. Dashed lines are for visual guidance. (b) 1H NMR spectrum of BA-BPD 
20 min after dissolution in DMSO-d6. The peak at 6.27 ppm belongs to dibenzofulvene, one of the 
decomposition products. Similar phenomenon was observed for BA-PD and BA-HA as well 







Scheme 3.5. Mechanism of DMSO-triggered BA decomposition.[25]  
 
Figure 3.5. Decomposition profile of 100 mM BA-BPD in DMSO-d6 at 25 °C when the solution 
was adjusted to be basic (white block) and acidic (red block) alternatively by adding excessive 4-
benzylpiperidine (BPD) and trifluoroacetic acid (TFA) respectively. At the beginning of each basic 
period (white block), BPD concentration was 5 mM. The dashed line is for visual guidance. 
Figure 3.6(a) displays evolution of 1H NMR spectra of BA-PD after addition of PD as a 




and diminishment of BA peaks at 4.36 ppm and 4.26 ppm. As reaction proceeded, the DBF peak 
at 6.27 ppm started to decrease due to self-polymerization and addition of released amine to the 
allyl group.[26] Therefore, the integral of BA peaks were derived relative to the internal standard 
(i.e., ethyl acetate) and normalized, whose change was used as an indicator of the extent of reaction 
(Figure 3.6(b)). Since BA decomposition is fast once triggered, even a spectrum that was acquired 
as soon as possible showed non-negligible decomposition. Assuming that DBF-involved side 
reactions (i.e., self-polymerization and addition) are slow due to relatively low concentration of 
DBF at the beginning and can be ignored, the initial integral of the BA peak (at strictly t=0, zero 
decomposition) was calculated using DBF and BA integrals in the first spectrum. Within 2 h at 25 




Figure 3.6. (a) Evolution of 1H NMR spectra of 100 mM BA-PD in 1 mM TFA/DMSO-d6 at 25 
°C after addition of 5 mol% effective PD (vs BA-PD) as the trigger. Decomposition of BA-BPD 
and BA-HA shares the same characteristics, although the kinetics is different.  (b) Decomposition 
profiles of 100 mM base amplifiers in the presence (solid) and absence (open) of 6 mM base trigger 
in 1 mM TFA/DMSO-d6 at 25 °C. Follow-up measurement shows little decomposition of BAs in 
the absence of a base trigger even after over 1 year. Red lines are fitting curves of the base-triggered 











Base-triggered decomposition of BA-BPD and BA-HA shares the same characteristics 
although kinetics of BA-HA decomposition was much slower due to relatively weak basicity of 
hexylamine. By comparison of profiles of base-triggered decomposition of BA-PD in DMSO-d6 
(Figure 3.3) and 1 mM TFA/DMSO-d6 (Figure 3.6(a)), we can see that addition of 1 mM 
trifluoroacetic acid as inhibitor only slowed down the reaction to a minor extent. But stability of 
BAs was largely improved: the control samples (in the absence of a base trigger) remained stable 
for over 1 year in 1 mM TFA/DMSO-d6. It needs to be pointed out that in the absence of an external 
base, BA-PD did show less than 0.1 mol% decomposition immediately after base addition, but the 
decomposition did not proceed afterwards. 
 
Figure 3.7. Decomposition profiles of 100 mM BA-PD and 50 mM BA-TMDPD in the presence 
of 5 mM effective piperidine and 2.5 mM effective 4,4’-trimethylenedipiperidine at 25 °C. 1 mM 
TFA in a mixture of CDCl3 and DMSO-d6 (1/1, v/v) was used as the solvent due to poor solubility 
of BA-TMDPD in pure DMSO-d6. Dashed lines are for visual guidance. 
Besides the three monofunctional base amplifiers (i.e., BA-PD, BA-BPD, and BA-HA), a 
difunctional BA (BA-TMDPD, Scheme 3.2) was also investigated, which has the potential to 
release a diamine as a crosslinker in response to a dilute base trigger. Since the amine precursor 
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(4,4’-trimethylenedipiperidine, TMDPD) contains 2 piperidine groups per molecule, reactivity of 
BA-TMDPD was directly compared to that of BA-PD (Figure 3.7). 1 mM TFA in a mixture of 
CDCl3 and DMSO-d6 (1/1, v/v) was used as the solvent due to high nonpolarity of BA-TMDPD 
and resultant poor solubility in DMSO-d6. At the same molar concentration of the amplifier unit 
(i.e., one Fmoc-protecting amine moiety), BA-TMDPD showed a slower decomposition rate than 
BA-PD probably because of slight difference in basicity of PD and TMDPD. Owing to the poor 
solubility of BA-TMDPD in polar solvents that enables efficient base amplification at room 
temperature, no further tests were performed on it. 
Usually one would expect a sigmoidal conversion-time curve for an autocatalytic 
reaction,[27] which is featured by 
i) an induction period when the reaction is slow due to scarce trigger; 
ii) a self-acceleration period when the reaction rate keeps increasing with 
accumulating trigger; 
iii) the final stage when the reaction slows down as reactants are depleted. 
i) and ii) are not obvious here because the partially charged sulfonyl group of DMSO-d6, the 
solvent, can also act as a base to trigger BA decomposition (Figure 3.4(c)). Quenching of TFA by 
the base trigger destabilized BA in the solution, largely shortening the induction period to the 
extent that it cannot be resolved when spectra were acquired every 5 min. A similar conversion-
time curve that lacks the induction period can be seen in a system where the cycloadduct product 
templated and accelerated its own formation. This system is a trigger-free system and can be 
considered as a very efficient one since the nitrone and maleimide reactants reacted right upon 
mixing (Ctrigger = 0).[28,29] 
An autocatalytic kinetic model was used to fit the base-triggered decomposition profile (eq 
56 
 
3.1), assuming there is an autocatalytic reaction (kA) and a nonautocatalytic route (kN).[30] It is 
noteworthy that kN describes the formation rate of basic species due to BA decomposition triggered 
by an external base trigger and any background decomposition, which are not further differentiated 
here to simplify data fitting. In other words, kN is an apparent rate constant of 
i) first-order monomolecular fragmentation (km, Figure 3.2(a)) 
ii) pseudo-first-order solvent (DMSO-d6)-assisted decomposition (ksolvent, Scheme 
3.5): 
kN = km + ksolvent[DMSO-d6] (eq 3.1) 
The reaction rate equation can be expressed as: 
−d[BA]
dt
 = kA[BA][base] + kN[BA] 
= kA[BA]([BA]0 - [BA]) + kN[BA] 
= kA c(c0 - c) + kN c (eq 3.2)  
where c0 and c are BA concentrations at t and 0, respectively. A relationship between remaining 







) + (kN + kAc0)t (eq 3.3) 
Remaining BA% = 
c
c0






 + (kN + kAc0)t+kA)c0
 × 100% (eq 3.4) 
Fitting results of base-triggered decomposition profiles are listed in Table 3.1. kN’s of these 
base amplifiers agree well with their thermal stability in a certain solvent and basicity of 
corresponding base precursors. Although an induction period is absent in the base-triggered 
decomposition profiles, the fact that kN’s of BA-PD and BA-BPD are about 1 order of magnitude 
greater than corresponding kA’s indicates that autocatalytic decomposition of these two base 
amplifiers proceeds faster than the nonautocatalytic route. For BA-HA, the rate constant of 
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nonautocatalytic reaction (kN) is 14 orders of magnitude larger than that of autocatalytic reaction 
(kA), suggesting the trivial role of autocatalysis in the decomposition. So BA-HA was not used in 
following experiments. 
Table 3.1. Data fitting results of base-triggered decomposition profiles of BAs in different solvents 
at 25 °C using eq 3.4.a 








1 mM TFA in 
CDCl3/DMSO-d6 (1/1, v/v) 
11.22 64 5.8 0.9 
BA-PD 1 mM TFA in DMSO-d6 11.22 10 50.0 5.7 
BA-BPD 1 mM TFA in DMSO-d6 10.58 14 76.2 3.0 
BA-HA 1 mM TFA in DMSO-d6 10.56 25 1.0×10
-14 2.7 
a. CBA = 100 mM, Cbase trigger = 6 mM, Cbase trigger, effective = 5 mM
 
b. pKa’s of conjugated acids of base precursors/products in water 
c. Time for 50% BA decomposition 
 
3.3.3. Base Amplification in Functional Solutions 
While a base is able to initiate both crosslinking and degradation of functional 
polymers,[31–33] here we focus on utilizing a base in a constructive way and demonstrate the 
concept of base amplification in a crosslinkable system upon base triggering, as the ultimate goal 
of this research is to design a highly sensitive self-stiffening material. 
Theoretically, base amplification is compatible with any base-sensitive reactions as long 
as base consumption in the latter reactions is slower than base formation due to the former, or the 
base serves as a catalyst in the latter reactions. Otherwise, base amplification would be terminated 
due to depletion of the base trigger. We chose pyrocatechol-Fe complexation as a small molecule 
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model to study how base amplification affects sensitivity of the interaction because of its 
dependence on base concentration and different colors of the three catechol-Fe complexes which 
enable reaction monitoring using UV-Vis spectroscopy. 
 
Figure 3.8. (a) UV-Vis spectra of a solution of 10 mM BA-BPD, 22 μg/mL FeCl3, and 44 μg/mL 
pyrocatechol (Fe/pyrocatechol = 1/3, mol/mol) in 1 mM TFA/DMSO at day 0 and day 1. The 
solution was stored in the atmosphere at room temperature between measurements. (b) Time-lapse 
UV-Vis spectra of solutions of 10 mM BA-BPD upon triggering with 1.5 mM BPD (effective 
concentration: 0.5 mM). Spectra were acquired at room temperature at an interval of 5 min for a 
total time span of 2 hours. The arrow in (b) indicates the direction of spectral evolution. 
Figure 3.8 shows UV-Vis studies of some control samples. First, 1 day after dissolution of 
BA-BPD in a solution of FeCl3 and pyrocatechol, the spectrum still overlaps with the one obtained 
right after solution preparation (Figure 3.8(a)), suggesting that neither FeCl3 nor pyrocatechol 
decomposed base amplifier and that no undesired reaction/complexation between FeCl3 and 
pyrocatechol occurred if no base was introduced. Base-triggered decomposition of BA-BPD was 
monitored in the absence of FeCl3 and pyrocatechol. No absorption was observed in the 
wavelength range from 450 nm to 900 nm, which guarantees that BA decomposition does not 




absorbance increase at low wavelength is attributed to formation of dibenzofulvene (max=305 
nm)[20] as BA-BPD decomposed. 
Catechol derivatives are notorious for their susceptibility to oxidation. As shown in Figure 
3.9, in a neutral solution (a), pyrocatechol was stable for at least 3 weeks. When extra base was 
added into the solution, a noticeable portion of pyrocatechol was oxidized to o-quinone as 
indicated by the absorption at 389 nm (Figure 3.9(b)). 
 
Figure 3.9. UV-Vis spectra of a solution of (a) 1 mM BPD + 44 μg/mL pyrocatechol and (b) 1.5 
mM BPD + 44 μg/mL pyrocatechol in 1 mM TFA/DMSO at day 0 and day 21. The effective BPD 
concentrations in solutions (a) and (b) are 0 and 0.5 mM respective. The solutions were stored in 
the atmosphere at room temperature between measurements. 
In order to check whether existence of Fe3+ ion and pyrocatechol (a weak acid) would 
terminate base amplification, reaction monitoring of base-triggered BA-BPD decomposition was 
conducted in a solution of 22 μg/mL FeCl3 and 44 μg/mL pyrocatechol (Fe/pyrocatechol = 1/3, 
mol/mol) in 1 mM TFA/DMSO using UV-Vis spectrascopy. Figure 3.10(a) and (b) suggest that 
complexation between pyrocatechol and Fe3+ reached equilibrium within minutes when the base 




Both these two solutions contained mainly 1:1 pyrocatechol-Fe(III) complex and were green in 
agreement with their absorption at 751 nm. Interestingly, when 1.4 mM BPD (effective 
concentration = 0.4 mM) was added to a base amplifier-free solution (Figure 3.10(c)), an 
absorption peak appeared at 398 nm attributed to o-quinone from oxidation of catechol by Fe3+. 
Since o-quinone cannot coordinate with Fe3+, a rapid decrease of the absorption peak at 560 nm 
(2:1 pyrocatechol-Fe(III) complex) was also observed. Variation of the spectra in Figure 3.10(a)-
(c) also shows the dependence of pyrocatechol-Fe(III) complexation on base concentration. 
In Figure 3.10(d), BPD was added to quench TFA and tune a BA-BPD-containing solution 
to neutral. Similar to the amplifier-free solution (Figure 3.10(a)), the sample was equilibrated 
within a short time, because decomposition of BA-BPD would not start under a neutral condition. 
In contrast, spectra of BA-BPD-containing samples kept evolving within 2 h after addition of 
slightly excessive base (relative to TFA, Figure 3.10(e) and (f)). As mentioned above, 
decomposition of BA-BPD led to generation of additional base and accumulation of DBF, which 
accounts for the absorbance increase at low wavelengths. More importantly, absorbance of 1:1 
pyrocatechol-Fe(III) complex at 751 nm decreased, while that of 2:1 catechol-Fe(III) at 550 nm 
increased even in the case of 0.2 mM effective BPD (Figure 3.10(e)).  The peak at 550 mM started 
to blueshift at the end of the 2-hour measurement, indicating formation of 3:1 pyrocatechol-Fe(III) 
complex that has absorption at a lower wavelength. Different from various spectra of equilibrated 
BA-free samples (Figure 3.10(a)-(c)), when excessive BPD was added to BA-BPD-containing 
solutions, both reached similar final states in spite of different amounts of BPD that were added 
(Figure 3.10(e) and (f)). This is because the maximum amount of BPD that can be released was 
decided by BA-BPD concentration, which was the same in both solutions and much higher than 
that of the base trigger, 50 times and 25 times for Figure 3.10(e) and (f) respectively. 
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Shown in Figure 3.11, phenomena that were observed in experiments using piperidine (PD) 
and BA-PD were very similar to what was discussed above for BA-BPD-involved ones: 
i) fast response of pyrocatechol-Fe complexation to change of piperidine 
concentration (Figure 3.11(a)-(c)); 
ii) BA-PD did not decompose in a neutral solution (Figure 3.11(d)); 
iii) successful base amplification leading to continuous spectral evolution and similar 
final states when different concentrations of base trigger were added (Figure 3.11(e) 
and (f)). 
One difference is that in the presence of 1.2 mM base (effective concentration = 0.2 mM), BA-PD 
decomposition was slower than BA-BPD: the maximum absorbance of the 2:1 pyrocatechol-
Fe(III) was observed within 2 h and 3 h in the case of BA-BPD (Figure 3.10(e)) and BA-PD (Figure 
3.11(e)) respectively. Another big difference is that when 1.4 mM PD (effective concentration = 
0.4 mM) was added (Figure 3.11(c)), an even faster decrease in the absorption peak occurred than 
that in a solution containing 1.4 mM BPD (effective concentration = 0.4 mM, Figure 3.10(c)). This 
can be explained by slightly higher strength of piperidine (PD) than 4-benzylpiperidine (BPD) so 
that at the same concentration of base, the effective basicity of a PD solution is higher than that of 
a BPD one. 
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Figure 3.10. Time-lapse UV-Vis spectra of solutions of (a) 1 mM BPD, (b) 1.2 mM BPD, (c) 1.4 
mM BPD, (d) 1 mM BPD + 10 mM BA-BPD, (e) 1.2 mM BPD + 10 mM BA-BPD, and (d) 1.4 
mM BPD + 10 mM BA-BPD. All solutions contain 22 μg/mL FeCl3 and 44.8 μg/mL pyrocatechol 
(Fe/ pyrocatechol = 1/3, mol/mol) 1 mM TFA/DMSO. Spectra were obtained every 5 min for a total 
span of 2 h at room temperature. The first and last spectra are highlighted by the observed colors of 






Figure 3.11. Time-lapse UV-Vis spectra of solutions of (a) 1 mM PD, (b) 1.2 mM PD, (c) 1.4 mM 
PD, (d) 1 mM PD + 10 mM BA-PD, (e) 1.2 mM PD + 10 mM BA-PD, and (d) 1.4 mM PD + 10 
mM BA-PD. All solutions contain 22 μg/mL FeCl3 and 44.8 μg/mL pyrocatechol (Fe
/pyrocatechol 
= 1/3, mol/mol) 1 mM TFA/DMSO. Spectra were obtained every 5 min for a total span of 2 h at room 
temperature for all samples except (e) which was measured for 3 h. The first and last spectra are 
highlighted by the observed colors of solutions before and after data acquisition. Arrows indicate 







Three monofunctional and one difunctional base amplifiers (Scheme 3.2) were 
synthesized. Kinetics of base amplification in solution was first studied by NMR spectroscopy. 
Adding 1 mM TFA to polar DMSO-d6 is sufficient to stabilize base amplifiers for over 1 year, 
while adding a dilute base trigger initiated rapid amplification without the need of extra heating – 
full decomposition of BA-PD and BA-BPD was observed within 2 hours at 25 °C, and that of BA-
HA required about 6 hours. Base-triggered decomposition profiles of base amplifiers were fitted 
using an autocatalytic model, suggesting that both BA-PD and BA-BPD decompose mainly by the 
autocatalytic mechanism. Hence only these two amplifiers were used for later experiments. BA-
TMDPD was not studied anymore because of poor solubility in polar solvents. 
Stability and reactivity of BA-PD and BA-BPD were also investigated in functional 
solutions containing pyrocatechol and FeCl3. Also verified was the possibility of using base 
amplification to improve the base sensitivity of a second chemical reaction (i.e., catechol-Fe 
complexation). UV-Vis measurements suggested that existence of pyrocatechol and FeCl3 did not 
interfere with base amplification and that addition of base amplifier successfully enhanced the 
sensitivity of pyrocatechol-Fe complexation in response to even a dilute base trigger. What was 
also revealed in the UV-Vis study is that under basic conditions, pyrocatechol oxidation by Fe(III) 
and atmospheric oxygen proceeded rapidly at room temperature (within hours), which may or may 
not be an issue in practical applications. If pyrocatechol oxidation is a concern, different catechol 
derivatives can be used with different oxidation resistance which also bind Fe(III) with varying 
affinity. For instance, Waite and coworkers synthesized different catechol derivatives and found 
that 3-hydroxy-4-pyridinonone (HOPO) is promising in terms of both complexation robustness 
and oxygen resistance. Only trivial changes in rheological properties of gels with HOPO-Fe(III) 
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crosslinks were observed even after 1 month storage at pH 9 in the ambient environment.[34] A 
temporary approach to retarding catechol oxidation is to add antioxidants (e.g., citric acid and 
ascorbic acid) into the system, which however will be gradually consumed over time. 
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CHAPTER 4: BASE AMPLIFICATION IN POLYMER SYSTEMS 
 
4.1. Introduction 
Living organisms have multiple mechanisms to protect themselves from damages that 
could be potentially caused by mechanical forces like impact, tension, and compression, which 
stimulated development of synthetic self-stiffening materials[1,2] and self-healing.[3–5] These 
intelligent materials are able to reinforce the materials to delay damages or heal the materials to 
close existed (usually newly-formed) damages to prevent catastrophic failure of materials. 
 
Figure 4.1. Different self-healing strategies are suitable for healing for different damage 
volumes.[6]  
Healing efficiency of a self-healing material can be quantified by the ratio of a certain 
physical property of the healed material to that of the virgin one. This ratio is smaller than or equal 
to one even after high-temperature healing sometimes for days, with a few exceptions (Figure 
4.1).[6] On the contrary, properties of self-stiffened materials may exceed the original ones.[2,7] 
Another difference between self-healing and self-stiffening materials lies in the damage volume. 
While self-healing materials close mainly macroscopic or microscopic damages, self-stiffening 
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events are usually triggered by molecular damage events such as bond scission. In this sense, self-
healing can be considered as a recovery strategy while self-stiffening is a preventive one. 
Microscopic or macroscopic damages can occur during material preparation and in normal 
use. While mechanical force is arguably the most common cause for material failure, chemical 
stimuli like acids[8,9] and saline[10] can also be detrimental to material integrity. Along with 
increasing corrosion rates in some materials, metals in particular, bases are capable of inducing 
covalent and physical crosslinking of polymers.[11–15] Physical crosslinks are generally 
inherently dynamic above a certain temperature because of the relatively weak interaction 
compared to covalent ones.[16] While this may be a disadvantage for some applications, this 
dynamic feature has been shown to impart materials with the ability to dissipate energy through 
dissociation of physical bonds under force.[17,18] Hence, incorporating these dynamic crosslinks 
into a covalently crosslinked rubber material has the potential to improve strength and toughness 
simultaneously, which is challenging for conventional crosslinked materials that are crosslinked 
either covalently or physically.[19,20] Among various types of physical bonding, metal-ligand 
coordination is unique in that the strength of the interaction is comparable to that of covalent bonds, 
and in that the interaction is responsive to multiple stimuli including pH and temperature.[21] In 
2011, Holten-Andersen et al. for the first time utilized the dynamic feature of catechol-Fe 
complexation to synthesize an intrinsic self-healing hydrogel that heals at high pH.[22] Since then, 
catechol derivatives have been incorporated to different backbones to realize self-healing of 
polymeric materials in the presence of metal ions (e.g., Fe3+[23,24] and Ca2+[25]) or other species 
such as boronic acids.[26,27] 
Ideally, the signal to start a self-healing or self-stiffening process should be released only 
when a damage happens. But base/pH-sensitive materials, including those based on catechol-Fe 
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complexation, require a substantial change of base concentration to respond quickly and 
significantly. The required level of base is sometimes hard to be provided by bases released from 
ruptured reservoirs (e.g., microcapsules or core-shell fibers) or photobase generators (PBGs) upon 
irradiation. Meanwhile, the maximum base concentration is at the locale of reservoir rupture and 
PBG decomposition, which may be much smaller than the actual damage area, and decays rapidly 
to below the required level as the base diffuses away and is consumed by reactions. This is also 
why most of relevant self-healing materials are hydrogels: to expose materials to a prevailing high 
pH environment that is basic enough in a sufficiently large area for efficient self-healing.[28,29] 
One of the drawbacks of maintaining materials in a basic fluid is that continuously exchanging 
crosslinks cause severe creeping. Specific to materials based on catechol-Fe(III) complexation, the 
catechol group is notorious for its susceptibility to oxidation especially under basic conditions 
(Scheme 4.1), leading to gradual loss of self-healability.[30,31]  
 
Scheme 4.1. Mechanisms of irreversible oxidation and reversible coordination of catechol group 
leading to covalent and dynamic crosslinking of polymers respectively.[30]  
Antioxidants such as citric acid and ascorbic acid can be added into the materials to 
temporarily retard catechol oxidation, which will eventually be consumed. Besides, different 
catechol derivatives were designed by Waite et al. showing tunable oxidation resistance. In their 
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study, 3-hydroxy-4-pyridinonone (HOPO) exhibits a high resistance to oxidation and meanwhile 
binds Fe(III) strongly.[31] While resistance of catechol derivatives can be slowed down by 
modifying the chemical structure, there seems to be no way to completely eliminate the possibility 
of catechol oxidation. Therefore, it would be desirable to avoid unnecessarily exposing intact 
materials to basic environment and amplify the limited amount of base to above the threshold level, 
which is released only when a damage event occurs. Base amplification demonstrated in Chapter 
3 provides such potential to rapidly increase local base concentration and push the equilibrium of 
catechol-Fe(III) complexation in the direction of forming bis- and tris-catecholato-Fe(III) 
complexes to stiffen the damaged material. 
In this chapter, base amplifier was incorporated into a catechol-containing polymer 
solution and a dry polymer matrix (with minimal solvent residues). The temporal control of 
gelation of the solution and stiffening of the solid material were studied by rheology and dynamic 
mechanical analysis respectively. Concentrations of base amplifier and FeCl3 were also varied to 
explore a composition that provides the material with the best stiffening performance. 
 
4.2. Materials and Characterization 
Acryloyl chloride, dopamine hydrochloride (DA·HCl), 2,2’-Azobis(2-methylpropionitrile) 
(AIBN), di(ethylene glycol) methyl ether methacrylate (DEGMEMA), ethylene glycol 
dimethacrylate (EGDMA), FeCl3, 1-hydroxycyclohexyl phenyl ketone, piperidine (PD), 4-
benzylpiperidine (BPD), Na2B4O7·10H2O, Na2CO3, trimethylamine (TEA), triethylchlorosilane 
(TECS), and trifluoroacetic acid (TFA) were purchased from Sigma-Aldrich. Dialysis tubing (3.5 
kD MWCO) was purchased from Spectrum Labs. AIBN was recrystallized from methanol before 




Nuclear magnetic resonance (NMR) was conducted on a Varian U500 (500 MHz). 
Thermogravimetric analysis (TGA) was performed on TA Q50 TGA under nitrogen atmosphere. 
Gel permeation chromatography (GPC) was performed using a Waters 1515 isocratic HPLC pump, 
a Waters (2414) refractive index detector, and a Waters (2998) photodiode array detector. GPC 
results were obtained using tetrahydrofuran as the eluent and calibrated with monodispersed 
polystyrene standards. Elemental analysis and inductively coupled plasma - optical emission 
spectrometry (ICP-OES) were done in the Microanlaysis Lab in School of Chemical Sciences. 
 
4.2.1. Synthesis of 2,3,4,5,6-Pentafluorophenyl Acrylate (PFPA) 
 
8 g (43 mmol, 1 e.q.) 2,3,4,5,6-Pentafluorophenol was dissolved in 40 mL DCM, and 
charged into a round bottle flask in an ice bath. 5.25 g (52 mmol, 1.2 e.q.) TEA was dropped slowly 
into the solution. Subsequently, 4.72 g (52 mmol, 1.2 e.q.) acryloyl chloride/10 mL DCM was 
added dropwise, after which the mixture was stirred at room temperature for 2 h. The mixture was 
diluted by 150 mL DCM and washed with brine (100 mL × 3) to remove any salt precipitates. 
After dried over NaSO4 and filtration, the filtrate was concentrated and purified by a silica column 
using petroleum ether. A colorless liquid was obtained. 1H NMR (500 MHz, CDCl3): 6.72 (dd, 
1H), 6.37 (dd, 1H), 6.18 (dd, 1H) ppm. 19F NMR (500 MHz, CDCl3): -158.01 (m, 2F), -158.38 (t, 




4.2.2. Synthesis of Poly[di(ethylene glycol) methyl ether methacrylate-co-dopamine 
acrylamide] (PDD) 
 
Scheme 4.2. Chemical structure of PDD. The DA monomeric units account for 4 mol% or 4 wt%. 
DEGMEMA, PFPA, and AIBN were dissolved in dimethylsulfoxide (DMSO), and purged 
with argon for 1 h. Then the reaction was placed in a 70 °C oil bath to initiate polymerization. 
After 24 h, the reaction was terminated by exposure to the air and cooling down (>97% monomer 
conversion determined by NMR). Without further purification, dopamine hydrochloride (1.2 e.q. 
relative to PFPA unit) and extra DMF were added. TEA (1.2 e.q. relative to PFPA un8it) was 
added slowly. Then the reaction was stirred at 50 °C under nitrogen for another 24 h. The solution 
was dialyzed against deionized water for 3 days and freeze dried to yield PDD (Scheme 4.2). GPC: 
Mn = 15783 g/mol, PDI = 4.72. Elemental analysis: 56.56 wt% C, 8.41 wt% H, 0.27 wt% N. 
 
4.2.3. Synthesis of Dibenzofulvene (DBF) 
 
50 mL DMSO was added to dissolve BA-BPD and stirred for 1 day at r.t. before 200 mL 
DCM was added to the solution. The resultant mixture was washed with 5% HCl (100 mL × 3) 
and brine (100 mL × 3). The organic phase was dried over Na2SO4, filtered, and concentrated. The 
yellow crude product was purified by flash silica gel column chromatography with hexane as the 
73 
 
eluent. After solvent removal by rotoevaporation, the product was dried under vacuum at r.t. 
yielding white crystals. 1H NMR (500 MHz, CDCl3): 7.75 (d, 2H), 7.71 (d, 2H), 7.39 (t, 2H), 7.32 
(t, 2H), 6.09 (s, 2H) ppm. 13C NMR (126 MHz, CDCl3): 143.47, 140.28, 138.16, 128.88, 127.19, 
119.89, 107.94 ppm. 
 
4.2.4. Synthesis of Dopamine Acrylamide (DA) 
 
18.15 g Na2B4O7·10H2O (47.4 mmol, 1 e.q.)  and 15.00 g Na2CO3 (141.6 mmol, 3 e.q.) 
were dissolved in 720 mL DI H2O. The solution was purged with N2 for 1 h before 9.00 g DA·HCl 
(47.4 mmol, 1 e.q.) was added and stirred for another 1 h. Afterwards, 15.6 mL acryloyl chloride 
(189.6 mmol, 4 e.q.) was added dropwise into the reaction mixture. Extra Na2CO3 was added to 
adjust pH to above 9. The reaction was kept at room temperature overnight. When the reaction 
was finished, the aqueous solution was acidified to pH 1 using 12 M HCl and stirred for 1 h, 
followed by extraction with ethyl acetate. The organic layer was dried over MgSO4, filtrated and 
rotavaped to remove the solvent. The crude product was redissolved in methanol and precipitated 
into CHCl3 under vigorous stirring. Pure DA was collected after filtration and dried under vacuum. 
1H NMR (500 MHz, DMSO-d6): 8.76 (s, 1H), 8.66 (s, 1H), 8.13 (t, 1H), 6.64-6.58 (m, 2H), 6.44 
(dd, 1H), 6.19 (dd, 1H), 6.06 (dd, 1H), 5.56 (dd, 1H), 3.26 (q, 2H), 2.55 (t, 2H) ppm. 13C NMR 
(126 MHz, DMSO-d6): 164.22, 144.81, 143.30, 131.63, 129.90, 124.64, 118.95, 115.71, 115.24, 
40.37, 34.34 ppm. 
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4.2.5. Synthesis of Triethylsilyl-Protected Dopamine Acrylamide (TDA) 
 
4.00 g DA (19.3 mmol, 1 e.q.) and 9.64 mL TEA (69.2 mmol, 3.6 e.q.) was dissolved in 
10 mL DMF and cooled down to 0 °C in an ice bath while purged with N2 for 1 h. 7.80 mL TECS 
(46.5 mmol, 2.4 e.q.) was added dropwise into the solution. The reaction was kept at 0 °C for 1 h 
and at room temperature for 2 h. 120 mL CHCl3 was added to the reaction mixture, which was 
later washed with 1M HCl, saturated NaHCO3 (aq.), and brine successively. The organic layer was 
then dried over Na2SO4, filtrated and concentrated. Pure TDA was obtained by silica column 
chromatography using hexane/ethyl acetate (3/1, v/v) as the eluent. 1H NMR (500 MHz, CDCl3): 
6.74 (d, 1H), 6.62 (m, 1H), 6.23 (dd, 1H), 6.01 (dd, 1H), 5.6 (dd, 1H), 3.53 (q, 2H), 2.55 (t, 2H), 
0.97 (m, 18H), 0.73 (m, 12H) ppm. 13C NMR (126 MHz, CDCl3): 165.54, 146.90, 145.59, 131.87, 
130.96, 126.36, 121.63, 121.17, 120.65, 40.84, 34.91, 6.81, 5.22 ppm. 
 
4.2.6. Synthesis of Crosslinked Poly[di(ethylene glycol) methyl ether methacrylate-co-
dopamine acrylamide] (PDD) Samples 
DEGMEMA, TDA, and EGDMA were mixed at a molar ratio of 92:6:2. 1-
Hydroxycyclohexyl phenyl ketone (2 wt% vs monomers) was fully dissolved in the monomer 
mixture before being purged with N2 for 10 min. The solution was then transferred to Teflon molds 
and degassed under vacuum for 10 min before exposure to UV light (Uvitron IntelliRay 400) for 
1.5 h, yielding poly[di(ethylene glycol) methyl ether methacrylate-co-triethylsilyl-protected 
dopamine acrylamide] (PDT) samples. Polymerized samples were immersed in 1 M HCl in 
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DMF/H2O (1/1, v/v) overnight to reveal catechol groups. Finally, samples were immersed in 
frequently refreshed ethanol to remove any unreacted monomers, reactants and side products, and 
dried at room temperature under vacuum. Temporarily unused samples were stored in a N2-purged 
desiccator to avoid atmospheric oxidation of catechol groups. Elemental analysis matches well 
with theoretical values (in parentheses): C 57.84 ± 0.05% (57.91%), H 8.34 ± 0.14% (8.39%), N 
0.66 ± 0.01% (0.44). The difference between measured and theoretical values (especially N wt%) 
is due to residual ethanol (< 2 wt%) in the samples. 
 
4.2.7. Incorporation of BA-PD and FeCl3 into PDD samples 
PDD samples were immersed in methanol solutions of specified BA-PD and FeCl3 
concentrations before solvent removal under vacuum. Nomenclature of the samples is xFeyBA, 
which means that a certain sample was prepared by immersion in x mM FeCl3 + y mM BA-PD 
solution. Actual Fe wt% were measured by ICP-OES (Table 4.1). Polymer samples were swollen 
in designated amounts of deuterated chloroform for 24 h so that a swelling equilibrium was 
reached. Then the solutions were measured by 1H NMR with mesitylene as an internal standard 










Table 4.1. Compositions of PDD samples. Actual BA-PD wt% and Fe wt% were measured by 1H 












PDD 0 0 N/A N/A N/A 
25BA 0 25 N/A 2.56 ± 0.13 N/A 
50BA 0 50 N/A 4.97 ± 0.17 N/A 
75BA 0 75 N/A 7.43 ± 0.42 N/A 
12.5Fe 12.5 0 0.36 ± 0.03 N/A 13.45 ± 1.39 
12.5Fe25BA 12.5 25 0.37 ± 0.02 2.58 ± 0.14 13.10 ± 0.63 
12.5Fe50BA 12.5 50 0.36 ± 0.03 5.06 ± 0.09 13.45 ± 1.39 
12.5Fe75BA 12.5 75 0.37 ± 0.02 7.46 ± 0.61 13.10 ± 0.63 
25Fe 25 0 0.89 ± 0.02 N/A 5.38 ± 0.10 
25Fe25BA 25 25 0.84 ± 0.03 2.43 ± 0.09 5.69 ± 0.20 
25Fe50BA 25 50 0.82 ± 0.02 5.03 ± 0.24 5.83 ± 0.12 
25Fe75BA 25 75 0.81 ± 0.08 7.54 ± 0.55 5.90 ± 0.62 
50Fe 50 0 1.99 ± 0.08 N/A 2.37 ± 0.10 
50Fe25BA 50 25 2.05 ± 0.04 2.52 ± 0.11 2.31 ± 0.05 
50Fe50BA 50 50 1.96 ± 0.06 5.06 ± 0.19 2.42 ± 0.08 
50Fe75BA 50 75 1.95 ± 0.00 7.47 ± 0.37 2.43 ± 0.00 
75Fe 75 0 2.93 ± 0.03 N/A 1.60 ± 0.02 
75Fe25BA 75 25 2.88 ± 0.02 2.51 ± 0.11 1.63 ± 0.01 
75Fe50BA 75 50 2.91 ± 0.04 5.04 ± 0.20 1.61 ± 0.02 
75Fe75BA 75 75 2.84 ± 0.06 7.47 ±0.51 1.65 ± 0.04 




4.2.8. Preparation of Trigger Gels 
Trigger gels (0.3 mm in thickness) were prepared using Clear Flex 50 (Smooth-on USA). 
Part A and part B were mixed at a weight ratio of 1:2 and poured into a plastic petri dish. The 
mixture was cured overnight at room temperature (no vacuum needed) and then 1 day at 50 °C. 
Films were used as synthesized and cut into rectangular shapes of specified sizes and swollen in 
piperidine before use. 
 
4.2.9. Rheology 
Rheological characterization was performed on Anton Paar MCR702 using a 25 mm cone 
(2°) or TA Instruments Discovery HR-3 (TA Instruments) using an 8 mm parallel plate. A BPD 
solution in 1 mM TFA/DMSO was added into a 1 mM TFA/DMSO solution of PDD and FeCl3 
(catechol/Fe3+ = 3/1, mol/mol) with or without BA-BPD under rigorous stirring to avoid 
inhomogeneous gelation due to high local base concentration. In all rheology samples, PDD 
concentration after base addition is 10 wt%. The mixture was stirred for 2 min before loaded onto 
the rheometer. Gelation kinetics was monitored at 40 °C. To monitor the gelation process, the 
sample was first subjected to 2 min shearing at a shear rate of 10 s-1 to ensure thorough mixing and 
then an oscillatory strain of 0.1% at an angular frequency of 1 rad/s. Frequency sweeps of the gels 
formed after base amplification and the gel formed by direct base addition were conducted at 0.1% 
and 1% strains respectively after the sample was equilibrated at a certain temperature for 1 min. 
 
4.2.10. Differential Scanning Calorimetry (DSC) 
DSC was conducted on a TA instruments Q20 differential scanning calorimeter. Samples 
for DSC tests were triggered with 20 mM BPD and gelled in microcentrifuge tubes at 40 °C. After 
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complete base amplification, the organogels were encapsulated in Tzero aluminum pans with 
Tzero hermetic aluminum lids and subjected to 2 cycles of heating and cooling at 5 °C/min from 
20 °C to 140 °C under nitrogen. A control sample containing 0.6 M BPD was also prepared by 
direct addition of a BPD solution and subjected to the same process. 
 
4.2.11. X-Ray Diffraction (XRD) 
Samples containing different concentrations of BA-BPD were first triggered with 20 mM 
BPD and gelled in glass vials at 40 °C. Some samples were then heated at 140 °C for 30 min and 
cooled down to room temperature before measurements. XRD patterns were collected at room 
temperature on a Bruker D8 ADVANCE diffractometer equipped with a Mo-K source and 
LYNXEYE XE detector in transmission geometry. A control sample containing 0.6 M BPD was 
also prepared by direct addition of a BPD solution and subjected to the same process. 
 
4.2.12. Dynamic Mechanical Analysis (DMA) 
Dynamic mechanical analysis (DMA) was performed on a TA RSA III DMA. Samples 
with the dimensions 3 cm × 5 mm × 1 mm (L × W × T) were used for testing. The peak position 
of tan at 1 Hz is defined as the glass transition temperature (Tg) of each sample. Except 
temperature sweep tests, all DMA tests were conducted at 20 °C so that thermal decomposition of 




4.3. Results and Discussion 
4.3.1. Sol-Gel Transition of a Base-Amplified System 
 
Figure 4.2. Relative viscosity (r) of PDD solutions at 40 °C vs PDD concentration (wt%). The 
solvent used is 1 mM TFA/DMSO. The red line is the fitting curve obtained using eq 4.1 (KH = 
0.36 ± 0.01, [] = 0.23 ± 0.00, R2 = 0.99998). 
Huggins equation is an empirical one to describe the relationship between viscosity and 









3 + O(c4) (eq 4.1) 
where  and s are viscosity of pure solvent (i.e., 1 mM TFA/DMSO) and PDD solution at high 
shear rate, respectively; r is the relative viscosity of PDD solution; [] is the intrinsic viscosity of 
PDD solution; KH is the Huggins constant that indicates the affinity between polymer (PDD in this 
case) and solvent; c is the concentration (wt%) of PDD solution. Overlap concentration (c*) of a 
polymer solution is a boundary concentration where the solution transits from a dilute one to a 







 (eq 4.2) 
Fitting the data points in Figure 4.2 by Huggins equation gave KH = 0.36 ± 0.01, [] = 0.23 ± 0.00 
(R2 = 0.99998). A Huggins constant smaller than 0.52 suggests that 1mM TFA/DMSO is a good 
solvent for the polymer.[33] The overlap concentration c* was calculated to be 4.29 wt% at 40 °C. 
Therefore, rheology measurements were all performed in a polymer concentration higher than 4.29 
wt%. 
Myriad examples were reported in literature that confirm the ability of catechol group to 
bind different metal ions.[25,31] But in the rheology study discussed here, it is hard to vary only 
metal species while keeping all other conditions the same because metal ions are usually acidic 
and can react with the base, leading to different initial and final base concentrations and hence 
different final G’ and G” plateaus. So only results using Fe3+ was reported here. For the same 
reason, the molar ratio of catechol group to Fe3+ was fixed at 3:1 for all the tests, which allows for 
faster gelation kinetics over other ratios.[34] 
An interesting phenomenon that was observed in first few rheology tests is the quantitative 
irrepeatability – even splitting one single sample onto 2 rheometers with exactly the same setup 
could yield gelation times that differ by up to 10 times. Various attempts were made to avoid any 
possible variations and interferences. For example, shaking time after addition of the base trigger 
was controlled, and measurements were always started at the same time after triggering. Kapton 
tapes were applied to top and bottom plates to avoid any dissolution of Fe species from the 
geometry into samples. Unfortunately, none of these worked. Such high irrepeatability is inherent 
in autocatalytic reactions, which are highly sensitive and nonlinear and therefore can amplify any 
fluctuation besides the initial trigger, if uniform mixing cannot be guaranteed. In other words, 
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mixing is critical – better mixing slows down the reaction or elongates the induction period, since 
mixing breaks pockets where trigger is locally concentrated.[35–37] 
In the base amplification reaction, CO2 is released as a byproduct, which could cause some 
problems to the rheology measurements. As crosslinking density increases with base 
concentration, system viscosity increases as well, making it harder and harder for CO2 to diffuse 
out of the sample that resides in between the geometries (parallel plates or cone-plate). This 
eventually leads to gas bubble formation and large extent of sample overexpansion, which heads 
to errors in the results. Hence, only a small amount of BA-BPD (up to 0.6 M) was dissolved in 
polymer solutions for rheology tests. However, reducing BA-BPD concentration slows down the 
kinetics of base amplification and gelation. To shorten the timeframe of kinetics study, all 
measurements were done at 40 °C unless specified. 
 
Figure 4.3. Photos of control samples after 24 h at 40 °C: (a) 0.6 M BA-BPD; (b) 0.02 M BPD. 
Both samples remained liquid, suggesting thermal stability of BA-BPD and the inability of 0.02 
M BPD to induce gelation. 




tubes immersed in a 40 °C water bath, because significant solvent evaporation occurred during 
rheology tests and silicone oil that is commonly used to avoid fluid loss mixed with the polymer 
solution and could not be applied here. Shown in Figure 4.3(a), after 24 h at 40 °C, the base 
amplifier-containing sample still remained a liquid, suggesting reasonable stability of BA-BPD at 
the test temperature. The amplifier-free sample in Figure 4.3(b) contains 0.02 M BPD and any 
visible property changes were observed either after 24 h at 40 °C. BPD concentration higher than 
0.02 M induced immediate inhomogeneous gelation of the solution. Therefore, in this context, 
BPD concentrations above 0.02 M are called above-threshold. Otherwise, it is referred to as a 
below-threshold trigger. 
 
Figure 4.4. Modulus development of a 10 wt% PDD solution containing FeCl3 (catechol/Fe = 3, 
mol/mol) and 0.6 M BA-BPD at 40 °C. A BPD trigger solution (BA-BPD/BPD = 30, mol/mol) 
was added at t=0 to initiate the amplification process. 8 mm parallel plates were used for the 
measurement. Strain = 0.1%. Frequency = 1 rad/s. Data in the gray shaded area is below the 
instrument torque limit. 
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9947180 4.57 10 0.02242189 0.1 99.47 
Discovery 
HR-3 
20 mm cone, 
2° 
477465 28.337 10 0.0226672 1 0.48 
MCR 702 
25 mm cone, 
2° 
243613.42 88.99 10 0.0012258 0.1 2.44 
a. The minimum torque is 200 times that specified by the manufacturers. 
Shown in Figure 4.4, at time 0, a below-threshold base trigger – initial BPD concentration 
in the sample was 0.02 M (BA-BPD/BPD = 30/1, mol/mol) – was added to a polymer solution 
containing FeCl3 and BA-BPD to initiate the amplification process. After an induction period, 
when the moduli were below the instrument torque limit and could not be resolved, an abrupt 
modulus increase was observed due to sample gelation as base amplification proceeded and base 
accumulated. Later G’ & G” leveled off, indicating completion of the base amplification reaction. 
This plateau kept increasing very slowly over time due to catechol oxidation by Fe(III) and 
atmospheric oxygen under a basic condition. Routinely, the crossover of G’ and G” is defined as 
the gelation point, beyond which G’ becomes larger than G” indicating formation of a solid-like 
sample (gel). However, in our case, due to the fast transition process, the crossover point is buried 
in the noisy signals during the induction period. Thus, we define the point as the gelation point 
when G’ first reached 100 Pa. Data in the gray shaded area in Figure 4.4 is below the instrument 




 (eq 4.3) 
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where Gmin is G’ or G”, F is the stress constant (Pa·N
-1·m-1), Tmin is the instrument’s minimum 
torque in oscillation (N·m), and γ0 is the strain used in the tests (= 0.1%). Instrument parameters 
and calculated Gmin are listed in Table 4.2. 
 
Figure 4.5. (a) An organogel formed after decomposition of 0.6 M BA-BPD was triggered by 20 
mM BPD at 40 °C, indicated by the vial inversion test. The purple color qualitatively shows that 
the crosslinks are mainly biscatecholato-Fe(III) complex. (b) 0.3 mL Trifluoroacetic acid was 
added into to the organogel in (a) and reverted the organogel to a liquid, suggesting that the 
organogel was crosslinked by mainly noncovalent catechol-Fe(III) complexation. 
 
Figure 4.6. Micro-CT images of a gelled sample after base amplification at different positions. The 
sample was gelled ex situ and then packed into a Kapton tubing for micro-CT scanning. The 
brightness increases with Fe concentration. Large black areas inside the tubing was voids resulting 




The vial inversion test in Figure 4.5 (a) shows formation of a purple gel after base 
amplification. Addition of trifluoroacetic acid redissolved the sample (Figure 4.5 (b)), suggesting 
that the organogel was crosslinked by mainly purple biscatecholato-Fe(III) complex. Micro-CT 
scanning of the gel formed after base amplification shows uniform dispersion of Fe(III) and lack 
of aggregation of catechol-Fe(III) complex (Figure 4.6). 
Elemental analysis shows the PDD polymer contains 0.27 wt% N, corresponding to 3.99 
wt% DA units. Using the conventional rubbery elasticity theory (eq 4.4), we can calculate the 
theoretical storage modulus using eq 4.4:[31] 
G′theoretical = ρRT =
CDA
n
RT (eq 4.4) 
where  is the molar density of crosslinking units (mol/m3), R is the gas constant (8.314 J·mol-
1·K-1), T is the temperature (K), CDA is the concentration of DA monomeric unit or catechol group 
(= 21.20 mol/m3), and n=2 and 3 for purely bis- and tris-catecholato-Fe(III) crosslinking units 
respectively. If we assume that all DA units form biscatecholato-Fe(III) complex, the upper limit 
of the theoretical G’ can be calculated to be 27.60 kPa. The measured plateau G’ of various samples 
was 5.24 ± 1.45 MPa, 2 orders of magnitude higher than the maximum theoretical value, indicating 
contributions of other factors than catechol-Fe(III) complexation to mechanical properties of the 
organogel. Lambeth et al. in 2013 prepared metallopolymer films crosslinked by different metal 
ions and observed storage moduli of 10-30 MPa which is about 10 times higher than 1.6 MPa 
predicted by the theory of rubber elasticity. The authors attributed this deviation to microphase 
separation of metallopolymer into a metal-rich phase and a metal-poor one.[39] However, such 
unexpectedly high stiffness was not reported in previous studies of gels (almost exclusively 




Figure 4.7. Modulus development of PDD + FeCl3 solutions containing BA-BPD upon triggering 
with BPD at 40 °C. BA-BPD concentration was 0.6 M for tests in (a), and different concentrations 
of BPD trigger solutions were added at t=0. BPD trigger concentration for tests in (b) was 20 mM, 
and BA-BPD concentration was varied. Legends in the figures indicate the molar ratios of BA-
BPD to BPD. 8 mm parallel plates were used for the measurement. Strain = 0.1%. Frequency = 1 
rad/s. Data in the gray shaded area is below the instrument torque limit. 
 
Figure 4.8. Plateau storage modulus (G’plateau) and gelation time (tgel) of samples containing 
different concentrations of BA-BPD and triggered by 20 mM BPD were plotted against BA-BPD 
concentration. Tests were performed at 40 °C. 8 mm parallel plates were used for the measurement. 
Strain = 0.1%. Frequency = 1 rad/s. Dashed lines are linear fit of data points (R2 = 0.99 for 
logG’plateau, and R




When a more dilute BPD solution was used as the trigger, the induction period increased 
with the molar ratio of BA-BPD (constant) to base trigger (Figure 4.7(a)), which is characteristic 
of an autocatalytic reaction. Nonetheless, all three samples reached very similar plateaus, because 
for a specific sample with fixed PDD and FeCl3 concentrations, the plateau is determined by the 
final concentration of the base (= CBPD, initial + CBA-BPD) and BA-BPD was used in large excess. 
This can also be corroborated by UV-Vis monitoring of small molecule solutions in Chapter 3. 
Such an amplification strategy also works even when 0.005 M BPD (BA-BPD/BPD = 120, 
mol/mol) was used as the trigger, although the gelation process took several days.  
Shown in Figure 4.7(b) and Figure 4.8, as BA-BPD concentration decreased, the gelation 
time (tgel) increased linearly, while the plateau storage modulus (G’plateau) decreased exponentially 
and approached the maximum theoretical value (27.60 kPa) when the concentration of BA-BPD 
was 0.2 M: 
tgel = -3.65CBA-BPD + 2.64, R
2 = 0.97 (eq 4.5) 
logG’plateau = 6.02CBA-BPD + 3.15, R
2 = 0.99 (eq 4.6) 
where tgel is the gelation time at 40 °C (h), CBA-BPD is BA-BPD concentration in the polymer 
solution before triggering (M), and G’plateau is the plateau storage modulus of the organogel formed 
after base amplification at 40 °C (Pa). Eq 4.5 is expected to be valid for samples with non-zero 
CBA-BPD, although no rheology experiments were conducted because of CO2-induced sample 
overflow for CBA-BPD > 0.6 M and non-negligible solvent evaporation for CBA-BPD < 0.2 M. As the 
concentration of BA-BPD reduced, the contribution of catechol-Fe(III) complexation to 
rheological properties of the organogels starts to dominate and therefore the BA-BPD-dependence 
of the plateau storage modulus described in eq 4.6 may fail at a low BA-BPD concentration. In 
this regime, one could alternatively predict the plateau storage modulus using the rubber elasticity 
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theory (eq 4.4) as long as the crosslinking density is known. To quantitatively correlate BA-BPD 
concentration with G’plateau in this regime, a clear relationship between CBA-BPD and crosslinking 
density needs to be derived, which is usually nonlinear as shown in literature.[41] In some cases 
(for example, green and purple traces in Figure 4.7(b)), a small modulus increase was observed 
before the main jump, which led to a low plateau with G’ higher than G”. A similar phenomenon 
was observed in the bubble nucleation stage of polyurethane foaming and can be explained by 
formation of bubble network.[42,43] 
Frequency sweeps were performed on the sample at various temperatures (Figure 4.9, 
Figure 4.10, and Figure 4.11). Data in the gray shaded area is below the instrument inertia limit 




ω2 (eq 4.7) 
where Gmin is G’ or G” (Pa), I is the instrument inertia (N·m·s
2), F is the stress constant (Pa·N-
1·m-1), F is the strain constant (rad-1), and  is the frequency (rad). Instrument parameters used 
for calculation can be found in Table 4.2. 
At low temperatures, G’ and G” showed little dependence on frequency, indicating much 
slower exchanging kinetics of catechol-Fe(III) complexes in the organogel than that in a 
hydrogel.[22] As the temperature increased, exchange of catechol-Fe(III) complexes was 
kinetically unlocked and we started to observe crossover of G’ and G” at low frequency at 100-
120 °C (Figure 4.9 (a) and (b), Figure 4.10 (a) and (b), Figure 4.11(a)). However, when the sample 
was cooled down back to 40 °C, neither of the storage and loss moduli recovered to the original 
level, which could be due to irreversible destruction of secondary crosslinking moieties (Figure 
4.9 (c) and (d), Figure 4.10 (c) and (d), Figure 4.11(c), Figure 4.12(a-e)). As BA-BPD 
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concentration decreased, the contribution of the secondary crosslinking moieties to G’plateau 
reduced. Eventually, the sample containing 0.2 M BA-BPD behaved differently – when it was 
heated to 140 °C and then cooled down to 40 °C, G’plateau returned to a similar value to the initial 
one (Figure 4.11(b) and (d), Figure 4.12(f)). The change in material dynamics again can be a result 
of secondary crosslinking units being damaged. Figure 4.13 provides a hint of such an irreversible 
damage of secondary crosslinking moieties: once the organogel formed after base amplification 
was damaged by shearing beyond the linear viscoelastic regime, the storage modulus only 
recovered to ~5% of the initial value after 2 h. This is different from the phenomenon observed by 





Figure 4.9. Frequency sweeps of different gels that were formed after base amplification at 40 °C: 
(a, c) 0.6 M BA-BPD, 20 mM BPD; (b, d) 0.6 M BA-BPD, 15 mM BPD. G’ and G” were 
normalized to G’ at 1 rad/s at 40 °C before heating. In (a) and (b), frequency sweeps were 
performed from low temperature to high temperature, while in (c) and (d), tests were done from 
high temperature to low temperature. 8 mm parallel plates were used for the measurement. Strain 
= 0.1%. Data in the gray shaded area is below the instrument inertia limit, and the dashed line 
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Figure 4.10. Frequency sweeps of different gels that were formed after base amplification at 40 
°C: (a, c) 0.5 M BA-BPD, 20 mM BPD; (b, d) 0.4 M BA-BPD, 20 mM BPD. G’ and G” were 
normalized to G’ at 1 rad/s at 40 °C before heating. In (a) and (b), frequency sweeps were 
performed from low temperature to high temperature, while in (c) and (d), tests were done from 
high temperature to low temperature. 8 mm parallel plates were used for the measurement. Strain 
= 0.1%. Data in the gray shaded area is below the instrument inertia limit, and the dashed line 








0.1 1 10 100
T/°C  40     60     80    100   120   140
G'        
















Figure 4.11. Frequency sweeps of different gels that were formed after base amplification at 40 
°C: (a, c) 0.3 M BA-BPD, 20 mM BPD; (b, d) 0.2 M BA-BPD, 20 mM BPD. G’ and G” were 
normalized to G’ at 1 rad/s at 40 °C before heating. In (a) and (b), frequency sweeps were 
performed from low temperature to high temperature, while in (c) and (d), tests were done from 
high temperature to low temperature. 8 mm parallel plates were used for the measurement. Strain 
= 0.1%. Data in the gray shaded area is below the instrument inertia limit, and the dashed line 
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Figure 4.12. Normalized moduli of different gels that were formed after base amplification at 40 
°C: (a) 0.6 M BA-BPD, 15 mM BPD; (b) 0.6 M BA-BPD, 20 mM BPD; (c) 0.5 M BA-BPD, 20 
mM BPD; (d) 0.4 M BA-BPD, 20 mM BPD; (e) 0.3 M BA-BPD, 20 mM BPD; (f) 0.2 M BA-
BPD, 20 mM BPD. G’ and G” were normalized to G’ at 1 rad/s at 40 °C before heating. 8 mm 
parallel plates were used for the measurement. Strain = 0.1%. Frequency = 1 rad/s. Data in the 









Figure 4.13. The organogel formed after decomposition of 0.6 M BA-BPD upon triggering with 
20 mM BPD 40 °C was subjected to a strain sweep at 1 rad/s, followed by oscillation at 0.01% 
strain. The dashed line indicates the switch-over point. G’ and G” were normalized to G’ at 1 rad/s 
before the strain sweep. 
All the rheological behaviors of the organogels formed after base amplification described 
above are in sharp contrast to those of an BA-BPD-free organogel that contains the same 
concentration of BPD (0.6 M). Note that owing to the instantaneous gelation upon base addition, 
the gel could be heterogeneous and the polymer content in the organogel may be higher than 
designated (10 wt%) as some liquid was squeezed out. The storage and loss moduli at the rubbery 
plateau (frequency = 10 rad/s) of the control sample are 336.54 ± 35.32 Pa and 145.95 ± 8.69 Pa 
respectively at 40 °C. The storage modulus is even lower than the theoretical value of 27.60 kPa, 
whose calculation assumed that all catechol groups formed 2:1 catechol-Fe(III) complexes acting 
as intramolecular crosslinks. Thus the difference indicates that only a very limited percentage of 
catechol groups effectively contribute to the sample elasticity. 
Figure 4.14 shows the stiffness recovery of a control sample formed by direct base addition 
after damaged by a large strain (up to 5000%). Different from the organogel formed after base 
amplification whose linear viscoelastic regime (LVR) was less than 1%, LVR of the control sample 
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extended to about 100% followed by strain stiffening before the dramatic drop of storage and loss 
moduli. Such strain stiffening is very common for biological materials with semiflexible filaments, 
although the origin of this phenomenon is still not fully understood.[44,45] Afterwards, the sample 
stiffness recovered to its initial level within 2 h. 
 
Figure 4.14. The control organogel containing 0.62 M BPD formed by direct base addition was 
subjected to a strain sweep at 1 rad/s, followed by oscillation at 1% strain. The test was conducted 
at 40 °C. The dashed line indicates the switch-over point. G’ and G” were normalized to G’ at 1 
rad/s before the strain sweep. A 20 mm cone-plate geometry (2°) was used. 
At 40 °C, G’ and G” of the control sample crossovered at ~1.69 rad/s suggesting relatively 
fast exchange kinetics among catechol-Fe(III) complexes in the absence of secondary crosslinking 
moieties (Figure 4.15(c)). As the temperature increased, the exchange accelerated with the 
crossover shifting to ~9.49 rad/s at 60 °C and ~53.35 rad/s at 80 °C. At 100 °C, the control sample 
behaved like a liquid in the entire frequency range from 0.1 rad/s to 100 rad/s ((Figure 4.15(a) and 
(b)). A further temperature increase resulted in significant oxidation of the sample and therefore 




Figure 4.15. Frequency sweeps of a BA-BPD-free organogel containing 0.62 M BPD. G’ and G” 
were normalized to G’ at 1 rad/s at 40 °C before heating. In (a), frequency sweeps were performed 
from low temperature to high temperature, while in (b), tests were done from high temperature to 
low temperature. (c) Frequency sweep of the control sample at 40 °C before heating. (d) 
Normalized moduli of the control sample were plotted against temperature. 20 mm parallel plates 
were used for the measurement. Strain = 1%. Data in the gray shaded area is below the instrument 
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Table 4.3. Summary of quantitative data of sol-gel transition after base amplification at 40 °C.a 
Measurements were performed on Discovery HR-3 using 8 mm parallel plates. 
CBPD (M) CBA-BPD (M) tgelb (h) G’plateau (MPa) 
0.01 0.6 8.72 ± 0.10 15.38 ± 3.74c 
0.015 0.6 2.19 ± 0.03 5.35 ± 0.56 
0.02 0.6 0.42 ± 0.09 5.55 ± 0.57 
0.02 0.5 0.89 ± 0.09 1.91 ± 0.46 
0.02 0.4 1.11 ± 0.16 0.50 ± 0.21 
0.02 0.3 1.46 ± 0.34 0.08 ± 0.01 
0.02 0.2 1.91 ± 0.45 0.03 ± 0.01 
a. n=3 for all samples unless specified 
b. Time when G’ first reached 100 Pa 
c. Nonnegligible solvent evaporation occurred causing the modulus to be much higher 
than others. 
Some of the BA-BPD-containing samples were split into half and loaded on two 
rheometers using different geometries: 8 mm parallel plates on Discovery HR-3 and 25 mm cone 
(2°) on MCR 702. Shown in and Table 4.4, no substantial difference in the plateau modulus was 
observed, except for the samples that contained 0.6 M BA-BPD and 0.01 M BPD. Theses samples 
tested using 8 mm parallel plates gelled after over 8 hours, by which nonnegligible solvent 
evaporation was observed leading to overestimation of the plateau storage modulus. When a cone-
plate geometry was used, the gelation kinetics was highly irrepeatable due to imperfect mixing of 
the dilute base trigger in the initial samples. Therefore, this data is shown here only to qualitatively 
demonstrate the ability to amplify a dilute base trigger. For other compositions, samples tested 
with a cone-plate geometry gelled faster than those tested with parallel plates, which could be 
explained by different diffusion pathways of CO2 when different geometries were used. 
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Table 4.4. Summary of quantitative data of sol-gel transition after base amplification at 40 °C.a 
Measurements were performed on MCR 702 using 25 mm cone-plate (2°). 
CBPD (M) CBA-BPD (M) tgelb (h) G’plateau (MPa) 
0.01 0.6 4.46 ± 5.07c 5.28 ± 1.6 
0.015 0.6 1.60 ± 0.20 5.70 ± 0.29 
0.02 0.6 0.37 ± 0.11 5.64 ± 0.76 
0.02 0.5 0.52 ± 0.06 2.02 ± 0.20 
0.02 0.4 0.66 ± 0.09 0.79 ± 0.21 
a. n=3 for all samples unless specified 
b. Time when G’ first reached 100 Pa 
c. Imperfect mixing of the dilute base trigger caused broad distribution of tgel. 
 
4.3.2. Irreversible Property Changes of Organogels Formed after Base Amplification 
Differential scanning calorimetry (DSC) was used to study thermal properties of the 
organogels formed after base amplification. As shown in Figure 4.16(a), an endothermic melting 
peak was observed at above 110 °C, which shifted slightly to a higher temperature as CBA-BPD 
decreased. The enthalpy of melting (Hmelting) was determined by integration of the melting peak 
and shown in Figure 4.17. In agreement with the trend of the plateau storage modulus (Figure 4.8), 
Hmelting at the first heating step was proportional to the concentration of BA-BPD in the polymer 
solution before base triggering: 
Hmelting,1 = 64.62CBA-BPD – 0.11, R
2 = 1.00 (eq 4.8) 
where Hmelting,1 is the enthalpy of melting at the first heating step (J/g), and CBA-BPD is the BA-
BPD concentration in the polymer solution before triggering (M). When BA-BPD-containing 
samples were cooled down, a badly-defined exothermic peak was observed at 40-50 °C. Notably, 
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sometimes a tiny exothermic peak of polymer crystallization was observed in the first cooling 
process, which may or may not be well separated from the BA-BPD-relevant crystallization peak 
(Figure 4.16(b)). After the first heating-cooling cycle, Hmelting decreased, accompanied by shifting 
of the endothermic melting peak to a lower temperature. The fact that the enthalpies of 
crystallization (Hcrystallization) in both cycles were significantly smaller than Hmelting together with 
the decreasing Hmelting indicates incomplete recovery of sample crystallinity.  
 
Figure 4.16. DSC traces of organogels formed after decomposition of different concentrations of 
BA-BPD at 40 °C. (a) shows the endothermic melting peaks during the two heating steps, while 
(b) shows the exothermic crystallization peaks during the two cooling steps. Samples were heated 





Figure 4.17. Samples formed after base amplification at 40 °C were subjected to heating-cooling 
cycles from 20 °C to 140 °C at 5 °C/min. The enthalpy of melting (Hmelting) and enthalpy of 
crystallization (Hcrystallization) were plotted against BA-BPD concentration. The dashed line is the 
linear fit of Hmelting,1 (R
2 = 1.00). n=3. 
Since DSC measurements indicate some extent of crystallinity of the base amplified 
systems, we resorted to X-ray diffraction (XRD) for more specific analysis. Organogels were first 
measured after base amplification at 40 °C. The dominant phase in the samples was amorphous 
suggested by the big hump in Figure 4.18. Nevertheless, crystalline peaks were observed in the 2 
range from 4° to 14°, which decreased with the BA-BPD concentration in the initial polymer 
solutions, confirming the existence of a BA-BPD-related crystalline phase. After 30 min heating 
at 140 °C, the samples became liquid because of dissociation of catechol-Fe(III) complexes as well 
as melting of the crystalline phase and also turned from dark purple to brown due to catechol 
oxidation. Gels were recovered when the samples were cooled down and catechol-Fe(III) 
complexes reformed. Meanwhile, the crystalline peaks significantly reduced, which corroborates 
previous DSC results that the crystallinity could not be completely recovered after heating-cooling 
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cycles. It is worth noting that the difference between intensities of crystalline peaks in spectra of 
samples before and after heat treatment decreased with CBA-BPD – in fact, the spectra before and 
after heating almost overlap when CBA-BPD ≤ 0.2 M. 
 
Figure 4.18. XRD patterns of as-synthesized organogels formed after decomposition of different 
concentrations of BA-BPD at 40 °C (black) and after another 30 min heating at 140 °C (red). 
As a control, an organogel was prepared by adding a BPD solution. Because of the 
instantaneous response of catechol-Fe(III) complexation, the gel formed immediately after base 
addition and was then tested. The absence of a melting peak in the DSC trace agrees with the XRD 
result showing no crystalline phase (Figure 4.19(a) and Figure 4.20). Thus dibenzofulvene (DBF), 
a byproduct of base amplification, was synthesized. When heated, DBF started to melt at ~53 °C 
(Tm, literature~53.4-54.5 °C)[46] and polymerize afterwards, as suggested by an endothermic peak 
following the sharp melting peak (Figure 4.19(b)). When DBF was dissolved in a PDD +FeCl3 
solution and a BPD solution was added to form an organogel, the melting temperature of DBF 
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significantly shifted to ~98 °C (Figure 4.19(c)). To verify if the increase of the melting temperature 
was a result of DBF being encapsulated in the gels or DBF reacting with BPD, a BPD solution 
was added into a DBF solution. White precipitates formed minutes after base addition, and the 
resultant mixture was also tested by DSC. The solid melted at ~104 °C, and Hmelting decreased 
after the first cycle, similar to our observation in Figure 4.16. 
 
Figure 4.19. DSC traces of (a) an organogel formed after addition of a BPD solution; (b) bulk 
DBF; (c) an organogel formed by direction addition of a BPD solution into a DBF-containing 
polymer solution; (d) a sample formed by adding a BPD solution to a DBF solution. The samples 
were heated and cooled from two cycles between 20 °C and 140 °C at 5 °C/min. Final BPD 





Shown in Figure 4.20, DBF showed sharp diffraction peaks indicating its crystalline 
structure which however did not match the XRD pattern of bulk DBF. Samples formed by adding 
a BPD solution to a DBF solution with and without PDD and FeCl3 were also tested, displaying 
almost identical diffraction patterns to those of organogels formed after base amplification. 
 
Figure 4.20. XRD patterns of various control samples. From top to bottom: an organogel formed 
by direct addition of a BPD solution into a polymer solution; bulk DBF; an organogel formed after 
base-triggered decomposition of 0.6 M BA-BPD at 40 °C; an organogel formed by direction 
addition of a BPD solution into a DBF-containing polymer solution; 1 h after addition of a BPD 
solution into a DBF one; 8 h after addition of a BPD solution into a DBF one. Final BPD 
concentration: 0.62 M; final DBF concentration: 0.6 M. 
1H NMR was further used to confirm if there was a reaction between DBF and BPD (Figure 
4.21). After BPD and DBF were mixed, the DBF peak at ~6.02 ppm gradually decreased. DBF as 
a byproduct of Fmoc deprotection is known for the Michael-type addition reaction with an 
amine,[47] which is also the case here: a new triplet appeared at ~3.91 ppm, which was not seen 
in the spectra of BPD and DBF, indicating formation of an adduct from the two compounds. While 
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little information about the adduct of DBF and BPD can be found in literature, the melting point 
of DBF-piperidine adduct, which has a similar structure to the DBF-BPD adduct, was reported to 
be 116-117 °C by Carpino et al.[48] and 107-109 °C by Akaji et al.[49] in good agreement with 
previous DSC results. Note that the peak integrals of DBF and DBF-BPD adduct cannot be used 
as a quantitative measure because of a significant amount of precipitates that could not fully 
dissolve in CDCl3. 
  
Figure 4.21. 0.62 M BPD and 0.6 M DBF solutions were first prepared in 1 mM TFA/DMSO and 
investigated by 1H NMR separately. 1 h and 8 h after addition of the BPD solution into the DBF 
one (final BPD concentration: 0.62 M; final DBF concentration: 0.6 M), 1H NMR spectra were 
also recorded. CDCl3 was added as the deuterated solvent. 
In summary, DSC, XRD and NMR studies confirm that DBF and BPD, products of base 
amplification, formed a crystalline adduct that could kinetically hinder the dynamic exchange of 
catechol-Fe(III) complexes at low temperatures, which is why we observed much slower exchange 
BPD 
DBF 
DBF+BPD, 1 h at r.t. 
DBF+BPD, 8 h at r.t. 
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kinetics in the organogels formed at 40 °C compared to that in hydrogels reported in literature.[22] 
As the crystalline phase melted above a certain temperature, the exchange among catechol-Fe(III) 
complexes was unlocked. The gradual loss of crystallinity after heating-cooling cycles is 
responsible for the irreversibility of storage and loss moduli of the organogels observed in the 
temperature-varied rheology measurements (Figure 4.9, Figure 4.10, Figure 4.11, and Figure 4.12). 
As the concentration of the DBF-BPD adduct in the organogel decreased, catechol-Fe(III) 
complexation started to play a dominant role in the stiffness of the organogels although the 
crystalline phase was still able to hinder the complex exchange. Therefore, the storage and loss 
moduli of the organogel formed after base-triggered decomposition of 0.2 M BA-BPD could be 
recovered after a heating-cooling cycle but the exchange kinetics accelerated. 
 
4.3.3. Synthesis of Crosslinked PDD Samples 
Crosslinked PDD samples were initially synthesized by polymerizing di(ethylene glycol) 
methyl ether mathacrylate (DEGMEMA), ethylene glycol dimethacrylate (EGDMA), and 
pentafluorophenyl acrylate, followed by substitution of pentafluorophenyl group with dopamine 
in the presence of triethylamine. Different types of commercially available photoinitiators (Table 
4.5) were screened: type I photoinitiators that generate radicals through homolytic cleavage and 
type II photoinitiators that require a co-initiator for radical generation.[50] Irgacure 651, Irgacure 
184, and Irgacure TPO-L are highly efficient type I photoinitiators and decompose via a similar 
mechanism. Photodecomposition of the three photoinitiators generates reactive benzoyl radicals 
to initiate free radical polymerization.[51] Benzophenone is a type II photoinitiator whose triplet 
state is able to abstract proton from a co-initiator like amines and alcohols forming corresponding 
radicals.[52] Unfortunately, photodecomposition of these initiators generate oxidizing byproducts 
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upon UV irradiation especially in the air (Scheme 4.3(a)).[53] These oxidizing byproducts are hard 
to completely removed from crosslinked materials, causing severe catechol oxidation during post-
polymerization modification, when the alkaline environment further accelerates the oxidation 
reaction. Besides, dopamine and benzaldehyde, a common byproduct from photoinitiation, 
undergo Pictet-Spengler reaction very easily (Scheme 4.3(b)).[54] The consumption of dopamine 
could lead to incomplete substitution of pentafluorophenyl groups. Meanwhile, dealing with 
catechol groups in a basic solution can be tricky, especially when the reaction was conducted in a 
N2-flushed oven whose sealing performance was not as good as a Schlenk line system. 
 
Scheme 4.3. Possible side reactions that may influence substitution of pentafluorophenyl group by 
dopamine. (a) Atmospheric oxidation of benzoyl radical to yield benzoylperoxy radical.[55] (b) 
Benzaldehyde formed from benzoyl radical can undergo Pictet-Spengler reaction with 
dopamine.[54] 
Therefore, a polymerization-deprotection method was later used over the polymerization-
substitution one. In this case, triethylsilyl (TES)-protected dopamine acrylamide was first 
synthesized for polymerization. TES group can be easily removed by treating the samples with 
acidic solutions (Figure 4.22), where oxidation of catechol groups is largely suppressed. Elemental 
analysis of blank PDD samples confirms that the monomer composition of the polymer material 












































































































Figure 4.22. Energy-dispersive X-ray spectrum of PDT (a) and PDD (b) samples. The absence of 
silicon signal in (b) confirms complete removal of triethylsilyl protecting group. 
 
4.3.4. Incorporation of BA-PD and FeCl3 
BA-PD and BA-BPD are similarly reactive in both NMR and UV-Vis experiments 
(Chapter 3) and BA-BPD is slightly more stable than BA-PD in the sense that pre-decomposition 
was not observed in the absence of a base trigger. However, BA-BPD was not tested for solid-state 
experiments because 





and the surface residue makes samples sticky and hard to handle; 
ii) high nonpolarity of BA-BPD due to an extra benzyl group largely reduces its 
solubility in moderately polar volatile solvents like methanol, also a good solvent 
of FeCl3 – separate swelling steps are necessary to incorporate BA-BPD and FeCl3 
into the material. 
On the contrary, BA-PD is a solid at room temperature that plasticizes the material to a lesser 
extent than BA-BPD. BA-PD also has reasonable solubility in methanol, and hence can be diffused 
into the material together with FeCl3 in one single step. Nevertheless, 75 mM BA-PD in methanol 
was the most concentrated solution that was used to swell PDD samples due to solubility issue. 
The highest FeCl3 concentration used was 75 mM, because samples prepared with more 
concentrated solutions tended to crack in the drying step. 
 
Figure 4.23. Contents of FeCl3 (wt%, a) and BA-PD (wt%, b) in dried PDD samples are linearly 
correlated with FeCl3 and BA-PD concentrations (mM) in solutions that were used to swell the 
samples. Legends in the figures indicate concentrations of another component in the solutions used 
for sample swelling. n=3. 
As shown in Figure 4.23, FeCl3 and BA-PD contents in dry PDD samples are linearly 




catechol group) to FeCl3 in the sample were also plotted in Figure 4.24. Previous study reveals that 
a catechol/Fe ratio of 3:1 allows for the fastest gelation kinetics of a catechol-bearing polymer 
solution.[34] Therefore, we define the case of excessive DA to be when the catechol/Fe ratio is 
larger than 3, and the case of excessive FeCl3 is when the ratio is smaller than 3. 
 
Figure 4.24. Molar ratios of DA (catechol group) to Fe in PDD samples. Legends in the figure 
indicate concentrations of BA-PD in the solution. When the ratio is larger than 3 (dashed line), 
DA is in excess. Otherwise, FeCl3 is excessive. n=3. 
One concern of using such reactive molecules as a base amplifier is their thermal stability 
in the absence of any triggers. BA-PD itself is reasonably thermally stable, without any 
decomposition until above 105 °C (Figure 4.25(a)). When BA-PD was incorporated in PDD 
samples, its decomposition temperature shifted to 185 °C for 25BA, 173 °C for 50BA, and 165 °C 
for 75 BA. As BA-PD gets more concentrated in the samples, its thermal stability is expected to 
approach its bulk property, which is responsible for the slight decrease in decomposition 
temperature. The decomposition temperature of BA-PD in 50Fe50BA is 246 °C, suggesting that 






Figure 4.25. Dynamic TGA traces of (a) BA-PD, and PDD samples containing different amounts 
of BA-PD; (b) PDD samples that were swollen with 50 mM BA-PD (50BA) and 50 mM FeCl3 + 
50 mM BA-PD (50Fe50BA). Samples were heated to 500 °C at a heating rate of 10 °C /min under 
nitrogen atmosphere. 
 
Figure 4.26. Glass transition temperatures (a) and room-temperature storage moduli (b, n=3) of 
PDD samples with different compositions. Legends in the figures indicate concentrations of 
another component in the solutions used for sample swelling.  All data were measured at 1 Hz. 
Effects of incorporating BA-PD and FeCl3 on material properties were investigated by 
dynamic mechanical analysis of virgin samples (before base triggering, Figure 4.26). Long time 





the brownish color of Fe-free samples after tests – Fe-containing samples were initially dark green 
and opaque and therefore hard to tell the difference before and after heating. Hence samples were 
only heated to 100 °C so that atmospheric oxidation can be minimized. 
As suggested by shifts of glass transition temperatures of Fe-free samples (black square, 
Figure 4.26(a)), incorporation of base amplifier plasticizes the films to a small and acceptable 
extent due to disturbance of hydrogen bonding among catechol moieties by nonpolar base 
amplifier.[56] Such a Tg depression effect was not enhanced as BA-PD concentration increased 
since the maximum BA-PD loading is not quite high (~7.5 wt%, Table 4.1). On the contrary, 
incorporating FeCl3 exerts an opposite effect on glass transition temperatures of samples. 
 
Figure 4.27. Storage moduli of PDD samples with different compositions at 100 °C. Legends in 
the figures indicate concentrations of BA-PD in the solutions used for sample swelling. All data 
were measured at 1 Hz. 
Storage moduli at of PDD samples were measured at 100 °C (above Tg, Figure 4.27), where 
all the samples are in the rubbery state. Rubber elasticity theory predicts the storage modulus of a 
polymer sample containing 2 mol% EGDMA crosslinker at its rubbery plateau to be ~105 Pa, 
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which agrees well with the measured values, indicating that inclusion of FeCl3 did not induce 
additional crosslinking to the polymer films. Therefore, the increase in glass transition temperature 
due to FeCl3 addition could be explained by formation of 1:1 catechol-Fe complex as a side group, 
which reduced segmental mobility of the materials.[57] 
 
4.3.5. Material Stiffening in The Presence of Base Amplifier 
Based on previous UV-Vis and rheology measurements of functional solutions, a sensitive 
self-stiffening prototype based on catechol-Fe complexation and base amplification was proposed 
(Scheme 4.4(a)). Once the material is locally triggered by a base, a portion of Fe(III) binds with 
multiple catechol groups, which can be manifested by moderate enhancement of material 
properties (e.g., stiffness). Meanwhile, base amplification within the sample is also initiated by the 
base trigger generating additional base molecules, further pushing the equilibrium of catechol-
Fe(III) complexation in the direction of higher complexation ratio (catechol/Fe) and enhancing the 
stiffening performance of the material in response to a scarce base trigger. This way, base 
amplification not only proliferates a base trigger but also accelerates material stiffening and halters 
degradation of material properties timely. In a base amplifier-containing matrix, the final base 
concentration is decided by the initial concentration of base amplifier at a specific position 
(Scheme 4.4(b)), while in a base amplifier-free one, the base concentration reduces over time as 




Scheme 4.4. (a) Schematic of the base amplifier-containing self-stiffening material. The initial 
base trigger can be generated from a photobase generator, a base-generating mechanophore, or in 
a corrosion event. (b) In a base amplifier-containing system, the highest base concentration at a 
specific position is determined by the concentration of base amplifier, which is uniformly 
distributed in the matrix. (c) In a base amplifier-free system, base concentration is the highest at 





In order to trigger base amplification within the samples, PDD samples were carefully 
placed on trigger gels swollen with piperidine (PD) which can be considered as a localized trigger 
reservoir, with some weights on top to ensure good contact. After specific time intervals, 
mechanical properties of the samples were recorded by dynamic mechanical analysis. Since 
materials of varying compositions have quite different mechanical properties, stiffening 
performance will be quantified by relative changes of storage and loss modulus (E/E0), but only 
E’/E0’ will be used as a measure of stiffening efficiency.  
Shown by black traces in Figure 4.28(a)-(c), diffusion of liquid piperidine into the blank 
PDD sample softened the material considerably, which is corroborated by substantial decreases of 
glass transition temperatures (Figure 4.29 (a) and Figure 4.26(a)). Glass transition temperatures 
then increased over time because piperidine (b.p. 106 °C) evaporation was not controlled in the 
experiments (Figure 4.29(b)-(d)). Even after 30 days, at which point we think all the reactions were 
completed, the storage modulus of the PDD samples were only ~46% of the initial value. For all 
other samples, such a plasticization effect of the liquid piperidine trigger was not trivial but 




Figure 4.28. Stiffening efficiency of samples containing different concentrations of FeCl3 and BA-
BPD after triggered with a piperidine-swollen gel. Fe-containing samples were all swollen in 12.5 
mM FeCl3 solution. Actual contents of FeCl3 and BA-PD in the dried samples can be found in 






Figure 4.29. Glass transition temperatures of PDD samples with different compositions 2 days (a), 
4 days (b), 6 days (c), and 30 days (d) after the triggering event. Legends in the figures indicate 
concentrations of FeCl3 in the solutions used for sample swelling. All data were measured at 1 Hz. 
Softening of control samples containing only FeCl3 (12.5Fe, red traces, Figure 4.28(a) – 
(c)) by  piperidine was lesser than that on the blank samples because as piperidine diffused 
throughout the samples, local base concentration increased, leading to formation of biscatecholato-
Fe(III) complex as extra crosslinks and therefore an increase in film elasticity. Later, storage 
modulus increased at a much faster pace than that of the blank samples – on day 30, E’ of 12.5Fe 





of FeCl3 further accelerated oxidation of catechol groups and formation of extra covalent 
crosslinks in the material in a basic environment.[31] 
The role of base amplifier in samples containing only BA-PD (i.e., 25BA, 50BA, and 
75BA) is that upon triggering, BA-PD molecules in a specific position decompose to release extra 
piperidine and increase local basicity in the affected area. Such an increase in basicity also 
facilitated oxidation of catechol groups that stiffened the materials to some extent (blue traces, 
Figure 4.28(a) – (c)). This oxidation process could be further sped up when more BA-PD was 
incorporated into the materials (Figure 4.30): stiffening efficiencies of 25BA, 50 BA, 75BA on 
day 30 were 2%, 9%, 265% respectively. 
 
Figure 4.30. Stiffening efficiency of samples containing different BA-PD contents after triggered 
with a piperidine-swollen gel. n=3. Lines are for visual guidance. 
What we are most interested in is how materials behaved when both FeCl3 and base 
amplifier are existent in the materials. The green traces in Figure 4.28(a) – (c) indicate that the 
stiffening efficiency was greatly enhanced by simultaneously incorporating FeCl3 and BA-PD into 
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the materials. This is because at a higher base concentration, which was enabled by base 
amplification upon triggering, more biscatecholato- and tricatecholato-Fe(III) complexes could be 
formed. Meanwhile, a higher base concentration also facilitated faster catechol oxidation to form 
additional covalent crosslinks. It is worth noting that E’ of 12.5Fe75BA on day 30 was 2 times 
that of PDD on day 1. 
Figure 4.31, Figure 4.32, and Figure 4.33 all share the same features of Figure 4.28 as 
mentioned above: 
i) diffusion of the liquid piperidine trigger significantly plasticized blank PDD 
samples; 
ii) when FeCl3 content was constant, stiffening efficiency after a certain period 
increases monotonically with BA-PD content (Figure 4.31(d), Figure 4.32(d), and 
Figure 4.33(d)); 
iii) the best stiffening performance or the highest stiffening efficiency in each set of 





Figure 4.31. Stiffening efficiency of samples containing different concentrations of FeCl3 and BA-
BPD after triggered with a piperidine-swollen gel. Fe-containing samples were all swollen in 25 
mM FeCl3 solution. Actual contents of FeCl3 and BA-PD in the dried samples can be found in 






Figure 4.32. Stiffening efficiency of samples containing different concentrations of FeCl3 and BA-
BPD after triggered with a piperidine-swollen gel. Fe-containing samples were all swollen in 50 
mM FeCl3 solution. Actual contents of FeCl3 and BA-PD in the dried samples can be found in 






Figure 4.33. Stiffening efficiency of samples containing different concentrations of FeCl3 and BA-
BPD after triggered with a piperidine-swollen gel. Fe-containing samples were all swollen in 75 
mM FeCl3 solution. Actual contents of FeCl3 and BA-PD in the dried samples can be found in 






Figure 4.34. Stiffening efficiency of samples 2 days (a), 4 days (b), 6 days (c), and 30 days (d) 
after triggered with a piperidine-swollen gel. Actual contents of FeCl3 and BA-PD in the dried 
samples can be found in Table 4.1. Legends in the figure indicate concentrations of BA-PD in the 
solution. The dashed lines indicate FeCl3 content (1.61 wt%) that is 1/3 of DA (mol/mol). n=3. 
While stiffening efficiency increases monotonically with BA-PD, the influence of FeCl3 
on stiffening efficiency is more complicated: 
i) Fe(III) binds with catechol groups at different ratios as base concentration changes. 
At a certain base concentration, the stoichiometry of Fe(III) and catechol groups 
affects the number of bis- and tris-catecholato-Fe(III) complexes that can be 
formed. Intuitively, a high concentration of Fe(III) would favor the existence of 
Excessive FeCl3 Excessive DA 









monocatecholato-Fe(III) complexes, which have little contribution to film 
elasticity. At another extreme when FeCl3 is only scarcely dispersed in the material, 
FeCl3 content limits the highest stiffening efficiency that can be achieved. 
ii) Acidic FeCl3 also quenches some piperidine triggers, slightly decreasing local base 
concentration, and meanwhile stabilizes BA-PD in the samples (Figure 4.25(b)). 
As a result, in Figure 4.34, we see that at a specific BA-PD content, stiffening efficiency first 
increases with FeCl3 because of an increased number of Fe(III) available as crosslinking sites, and 
then decreases owing to the stabilization effect of FeCl3 on BA-PD. Samples containing about 0.84 
wt% FeCl3 (i.e., 25Fe25BA, 25Fe50BA, 25Fe75BA) show the highest stiffening efficiency 
compared to other samples with the same BA-PD content. 
 
4.4. Conclusion 
It was demonstrated that base amplification successfully converted a below-threshold base 
trigger to gelation of a solution of catechol-bearing polymer and FeCl3. The utilization of base 
amplifier allows for tuning gelation kinetics and final gel properties by different means. A higher 
concentration of either BA-BPD or BPD trigger favors faster gelation with a shorter induction 
period. At a certain low temperature, the plateau modulus is proportional to base amplifier 
concentration which decides the final concentrations of the base and hence bis- and tris-
catecholato-Fe(III) complexes. The base amplifier concentration also determines the concentration 
of the DBF-BPD adduct in the organogel that forms a crystalline phase contributing to the 
unusually high stiffness of the organogel. A gel that is prepared by directly adding a base into a 
solution of catechol-bearing polymer and FeCl3 can be highly heterogeneous because of the instant 
response of catechol-Fe(III) complexation to the change in pH or base concentration.[23] The 
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ability of this base amplifier-containing system to gel in response to a below-threshold base trigger 
also allows for easy preparation of a uniform material crosslinked by catechol-Fe(III) 
complexation since extra base is generated homogeneously from base amplifier dissolved in the 
solution. 
A prototype self-stiffening material that is sensitive to a localized base trigger was prepared 
by incorporating base amplifier and FeCl3 into a catechol-containing polymeric matrix. The initial 
localized base triggered was first amplified by base amplifier to reach a high enough base 
concentration within a short time to enable catechol-Fe complexation and instant stiffening to 
revert degradation of material properties. Over time, the high base concentration and existence of 
oxidative Fe(III) together accelerated oxidation of catechol groups to achieve permanent stiffening 
of the material.[58] The effects of concentrations of base amplifier and FeCl3 were also studied. 
The stiffening performance improves monotonically with base amplifier content and reaches 
maximum at ~ 0.8 wt% FeCl3
 for PDD samples containing 6 mol% catechol groups. 
The challenge in the study of base amplification in polymer systems is to quantify 
formation of bis- and tris-catecholato-Fe(III) complexes. Although this can be easily measured by 
UV-Vis spectroscopy in a small-molecule solution or a dilute polymer solution, it is hard to 
perform the same measurement in a polymer solution that is concentrated enough for gelation to 
occur. Raman spectroscopy was used to semi-quantitatively measure bis- and tris-complexes in 
various catechol-bearing polymer materials,[18,22] but failed to quantify the percentages of bis- 
and tris-complexes. In addition, the Raman peak attributed to charge transfer interactions of bis- 
and tris-catecholato-Fe(III) complexes cannot be resolved in our case because of high fluorescence 
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Figure 5.1. Examples of reaction-diffusion systems in the nature. (a) Calcium waves in a retinal 
cell (50 m). (b) Microtubules labeled with fluorescent dyes (10 m). (c) Bacterial colony (5 mm). 
(d) Skin patterns on an adult zebra. (e) Cross-section of a Brazilian agate (0.2 m). (f) Dendrites 
on limestone (5 cm). (g) Cave stalacites (0.5 m). (h) Telescope image of the Andromeda galaxy.  
Scale bars of the images are indicated in the parentheses.[1] 
Reaction-diffusion (RD) is believed to play a critical role in intra- and inter-cellular 
signaling, cell metabolism, and pattern formation in living and nonliving systems (e.g., animal skin 
patterns[2] and dendritic patterns of limestone,[3] Figure 5.1). The spatio-temporal sensitivity of 
a reaction-diffusion process also makes it possible to realize high-resolution two-dimensional 
patterning on surfaces that may be otherwise not accessible by common methods (Figure 5.2).[1] 
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Besides colored patterns, RD processes can also be utilized to modify surface elevations generating 
quasi three-dimensional structures.[4–6] Besides, reaction-diffusion has been applied to 
responsive materials for macroscopic mass transport,[7,8] self-walking gels,[9] etc.[10–12] 
 
Figure 5.2. Example of RD micropatterning by using a wet stamping (WETS) technique. (a) 
Illustration of the experimental setup (top) and the RD process inside the gel (bottom). The agarose 
stamp swollen with a salt (A) solution is applied to a dry gelatin film containing K4Fe(CN)6 (B). 
Salt A diffuses into gelatin film and reacts with K4Fe(CN)6, forming a precipitate AB. (b)-(c) are 
micropatterns that were formed using different salts (A): (b) CuCl2 (250 m), (c) FeCl3 (250 m). 
When a solution of more than one salt is used to swell the agarose stamp, multicolor patterns can 
be generated simultaneously: (d) CoCl2/CuCl2 (300 m), (e) FeCl3/CuCl2/Er(NO3)3 (300 m). 
Scale bars of the images are indicated in the parentheses.[1] 
One may notice that research focus of the field of reaction-diffusion so far has been almost 
exclusively placed on biocatalytic and inorganic systems. These studies were usually performed 
in an unstirred solution[13–15] or a hydrogel.[16,17] The existence of a hydrogel matrix eliminates 
convection which would otherwise disturb the reaction-diffusion pattern.[18] 
Urease is usually used to construct a biocatalytic system where a reaction-diffusion front 
can be observed that propagates at a constant velocity.[19,20] As shown in Figure 5.3, the activity 
of urease depends on solution pH and can be regulated by addition of acid or base via manual 
injection or from photoacid/photobase generated under UV irradiation. The addition of a base to 





an initially acidic solution activated nearby enzyme to catalyze urea hydrolysis, forming ammonia 
and increasing pH and enzyme activity. This process was repeated as the base diffused away 
generating a propagating pH wave. 
 
Figure 5.3. (a) pH-dependence of urease activity, regulation of which can be achieved by injection 
of acid/base or UV-induced release of photoacid. (b) Urease-catalyzed hydrolysis of urea. (c) Top 
view of the channel design in which reaction-diffusion occurs. Polystyrene-b-poly(2-vinyl 
pyridine) (PS-b-P2VP) photonic film is coated on the bottom glass slide for visual observation of 
the pH wave. (d) Kymographs of the reaction-diffusion process.[20] 
Inorganic systems are the most extensively studied ones for reaction-diffusion behaviors, 
including reactions of bisulfite-bromate,[21,22] iodate-arsenous acid,[23,24] and chlorite-
tetrathionate,[17,25] etc. The inorganic system shown in Figure 5.4 utilizes the autocatalytic 
reaction between bromate and bisulfite: 
BrO3
- + 3HSO3
- + H+ → Br- + 3SO4
2- + 4H+ (eq 5.1) 
where HSO3
- is formed from a reaction of BrO3
- and S2O3
- at initial high pH (~11). Introduction 
of H2SO4 rapidly decreased local pH to less than 4 and initiated propagation of the autocatalyst 
(proton) which could be visualized by the color change of the pH indicator (methyl orange). The 
wave propagation length was linear with time at any channel designs investigated by the authors, 






width is believed to be caused by different depleting rates of the acid trigger (H2SO4) in the inlet 
of different microchannel designs. 
 
Figure 5.4. (a) Design of a microchannel where reaction-diffusion occurs. The microchannel is 
first infused with an aqueous solution of Na2S2O3, KBrO3, NaOH, and methyl orange, before 
H2SO4 is introduced to the inlet to initiate propagation of the chemical (proton) wave. (b) 
Propagation length of proton wave vs time for various channel widths (labeled on the right).[22] 
Compared to the two types of systems described above, organic systems are expected to be 
advantageous in many senses. Synthetic compounds can be much more stable than biomolecules 
like enzymes especially in a condition that is substantially different from the physiological one. 
They are more soluble in nonaqueous solvents than inorganic species and the possibility of using 
different solvents adds one more freedom of tuning reaction kinetics at the same temperature. Also, 
it is relatively easy to modify the structure of an organic compound and hence reactivity of a certain 
system, which can be convenient for systematic study without changing fundamental chemistry. 
The first and only organic autocatalytic system that generates a propagating reaction-diffusion 
front involves a synthetic replicator whose formation accompanies a significant color change from 
yellow fluorescence to blue fluorescence.[26] The replicator formed from the nitrone and 
maleimide reactants acts as an efficient template for its own formation. Although a reaction-




slowed down and stopped at some point due to background reaction and gradual depletion of 
reactants ahead of the moving front, in contrast to typical constant-velocity front propagation in 
an inorganic or biocatalytic autocatalytic system. 
Traveling wave fronts can also be seen in frontal polymerization where propagation of a 
thermal front into monomer solutions leaves polymers (usually a solid) behind.[27,28] If we limit 
the theme to propagation of a chemical species, inorganic autocatalytic reactions are the only 
systems that are able to drive constant-velocity propagation of a reaction-diffusion front in a non-
solution environment, i.e., a gel. All reaction-diffusion studies using a biocatalytic or organic 
autocatalytic reaction were conducted in a solution which maximizes reactivity of reactants and 
helps the reaction component to be dominant over the diffusion one.  
Demonstrated in Chapter 3, base amplifiers based on Fmoc protection are reactive in polar 
solutions at room temperature. For example, in the presence of 5 mol% base trigger, 100 mM BA-
PD and BA-BPD decomposed in 1 mM TFA/DMSO-d6 within 2 hours without extra heating. 
Therefore, we are curious if such a reactive organic system could afford a chemical front that 
travels at a constant velocity in a gel system or even in the solid state. 
In Chapter 3 and the first part of Chapter 4, a dilute base trigger was uniformly dispersed 
in a functional system containing base amplifier. The second part of Chapter 4 deals with responses 
of a base amplifier-containing functional material to a localized base trigger, where the influence 
of base amplification on the stiffening reaction and diffusion of the base trigger was not 
differentiated: although successful base proliferation in a matrix containing base amplifier could 
be reflected by formation of bis- and tris-catecholato-Fe(III) complexes, it is not clear whether 
existence of base amplifier could help the base trigger travel faster.  Hence, investigation of the 
reaction-diffusion process in a base amplifier-incorporated matrix that has no functional groups 
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could shed a light on rational design of amplifier-containing self-stiffening materials with optimal 
mass transport kinetics of the base species and improved stiffening performance, especially when 
no extra heat is input. 
Intuitively, the apparent reaction-diffusion of a base in a base-amplified system results 
from interplay between reaction kinetics of base-triggered decomposition of base amplifier and 
diffusion of the base autocatalyst. Regardless of actual chemistry, a generic equation can be used 
to depict the reaction-diffusion process:[1] 
∂c
∂t
= R(c, r, t) + D∇2c (eq 5.2) 
where c is concentration of the base autocatalyst, r is the reactivity of base amplifier, t is time, and 
D is diffusivity of the base autocatalyst. The first term on the right is the rate equation of the base 
amplification reaction in a homogeneous system, and the second term is taken into account when 
there is a concentration gradient of the base. 
In this chapter, reaction-diffusion behaviors were investigated in base-amplified systems. 
Several variables were adjusted to tune both the reaction and diffusion components and explore 
the potential of initiating a propagating base front in an organic system.  
 
5.2. Matierials and Characterization 
3-(Trimethoxysilyl)propyl methacrylate, trichloro(1H,1H,2H,2H-perfluorooctyl)silane, 
2’,7’-dichlorofluorescein (DCF), 2-hydroxyethyl methacrylate (HEMA), acrylic acid (AA), 
poly(ethylene glycol) diacrylate (PEGDA, Mn=575 g/mol), azobisisobutyronitrile (AIBN), and 4-
chloro-7-nitrobenzofurazan (NBD-Cl) were purchased from Sigma-Aldrich and were used as 
received. 
Raman spectra were obtained using a Horiba LabRAM HR 3D Raman confocal imaging 
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microscope. A 532 nm laser and 10x lens were used. Fluorescence images were obtained using a 
Zeiss Axiovert 200M fluorescence microscope. 
 
5.2.1. Preparation of PDMS samples 
Sylgard 184 was used to synthesize PDMS samples with a 9:1 weight ratio of base to curing 
agent. 0.03% 2’,7’-Dichlorofluorescein (and 1% BA-BPD) was incorporated by immersing PDMS 
pieces in excessive chloroform solutions of various concentrations. Chloroform was then removed 
under vacuum at room temperature prior to further tests. 
 
5.2.2. Pre-Treatment of glass slides 
Bottom glass slides were cleaned using fresh Nanostrip. After removed from the Nanostrip 
bath, slides were rinsed with isopropanol and acetone and dried using nitrogen. After immersion 
in a toluene solution of 3-(trimethoxysilyl)propyl methacrylate overnight, glass slides were 
cleaned successively with toluene, ethanol, and DI H2O, and blow dried. Top glass slides were 
treated in a similar way except that they were immersed in a chloroform solution of 
trichloro(1H,1H,2H,2H-perfluorooctyl)silane for functionalization. 
 
5.2.3. Synthesis of Poly[2-hydroxyethyl methacrylate-co-acrylic acid-co-poly(ethylene 
glycol) diacrylate)] (PHAP) organogel 
HEMA, AA, PEGDA, and AIBN (1.5 wt% vs monomers) were dissolved in a specific 
amount of DMSO (Table 5.1). After purged with N2 for x min, the solution was added onto bottom 
glass slides with aluminum foil (0.02 mm in thickness, measured by Mitutoyo Digimatic Digital 
Caliper) as the spacer, and capped with fluorine-functionalized top slides. Polymerization of the 
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films were performed at 65 °C for 5 h. The organogel was then immersed in frequently refreshed 
solution of 1 mM TFA in DMSO to remove unreacted monomers and initiator. Finally, the 
organogel was placed in excessive solutions of designated concentrations of BA-BPD and NBD-
Cl and ready for later experiments. 
Table 5.1. Recipes of PHAP organogels of varying compositions. 
Organogel HEMA/mol% AA/mol% PEGDA/mol% DMSO/wt% 
PHAP1 91.0 4.5 4.5 50 
PHAP2 77.3 4.5 18.2 50 
PHAP3 77.3 4.5 18.2 10 
PHAP4* 77.3 4.5 18.2 50 
PHAP5* 77.3 4.5 18.2 0 
PHAP6* 72 10 18 10 
PHAP7* 68.2 4.5 27.3 50 
PHAP8* 59.1 4.5 36.4 50 
* These organogels were brittle or easily detached from the bottom slides due to substantial 
swelling, and therefore were not investigated. 
 
5.3. Results and Discussion 
5.3.1. BA Decomposition in Solid PDMS 
Reaction-diffusion of 4-benzylpiperidine (BPD) in the presence of BA-BPD was first 
studied in a solid polymer. To avoid kinetical trapping of the base in a localized area, molecular 
diffusion of the base in the matrix should not be too slow. Therefore, crosslinked 
polydimethylsiloxane (PDMS) was used as the substrate, whose low glass transition temperature 
(Tg ≈ -125 ℃)[29] would allow for relatively fast molecular diffusion even at room temperature. 
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High swellability of PDMS in nonpolar solvents like chloroform also enables easy incorporation 
of BA-BPD by diffusion. 
  
Figure 5.5. 2’,7’-Dichlorofluorescein (DCF) solution is yellow to colorless, depending on the 
concentration, and turns red as pH or base concentration increases. 
 
Figure 5.6. Photos of PDMS samples with (top) and without (bottom) BA-BPD before and after 
addition of BPD to the center. Samples were stored in atmosphere at room temperature after the 
triggering event. Scale bar: 2 mm. 
2’,7’-dichlorofluorescein (DCF, Figure 5.5) was used as the pH indicator which turns from 
lightly yellow to vivid red when basicity increases.[30] To qualitatively demonstrate base-
triggered decomposition of BA-BPD, a drop of 4-benzylpiperidine (~0.2 μL) was added onto dried 
PDMS samples with or without BA-BPD. After a certain time at room temperature, BA-BPD-
containing PDMS showed a much more vivid red color compared to the base amplifier-free control 
sample, indicating successful base proliferation at room temperature triggered by a localized base 







without the aid of any solvents (Figure 5.6). Expansion of the red areasError! Reference source n
ot found., where DCF reacted with the base, was represented by relative increases in the radii of 
the areas (Figure 5.7). In the sample containing base amplifier, the base propagated slightly faster 
than in a blank sample owing to replenishment of base molecules from base amplification and thus 
slightly larger base concentration gradient at the front position. However, the velocity of the 
propagating front in the base amplifier-containing sample gradually decayed. This could be caused 
by quenching of the base by DCF, even if content of DCF was low (<0.03%). 
 
Figure 5.7. Relative increases in the radii of basic areas (red areas in  Figure 5.6) on PDMS samples 
with and without base amplifier. r0 and r are the radius of the initial base droplet at t=0 and that of 
the red area at time t, respectively. Both were measured by ImageJ. Dashed lines are for visual 
guidance. 
Quantitative investigation of base transport in PDMS was again conducted using confocal 
Raman microscopy without the need of any indicators that could possibly consume the base. 
Shown in Figure 5.8(a) are Raman spectra of blank PDMS and BA-BPD-containing PDMS. PDMS 
has a rather simple spectrum, with peaks at 759 (Si-C symmetrical stretch), 791 (CH3 asymmetrical 
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rock, Si-C asymmetrical stretch), 863 (CH3 symmetrical rock), 1266 (CH3 symmetrical bend), and 
1416 (CH3 asymmetrical bend) cm
-1.[31] Such a “clean” spectrum minimizes interference of 
spectra of the matrix (i.e., PDMS) and molecules of interest (i.e., BA-BPD and BPD).When BA-
BPD was incorporated, a small but distinct peak showed up at 1616 cm-1. The blue trace in Figure 
5.8(a) was acquired at a position behind the BPD front in BA-BPD-containing PDMS, showing a 
new peak at 1006 cm-1. This BPD peak was used to track front position in diffusion (without BA-
BPD) and reaction-diffusion (with BA-BPD) processes. Front positions of the BPD wave were 
recorded and plotted in Figure 5.8(b). Similar to what was observed in PDMS samples containing 
DCF (Figure 5.7), no significant difference was observed between mass transport of BPD in the 
presence and absence of 1% BA-BPD. The reason why the experiment using DCF showed a bigger 
difference of BPD propagation velocities in samples with and without base amplifier could be due 
to different sensitivities of the two methods: DCF is very sensitive to minor variation of base 
concentration, and the color change caused by BPD vapor could not be avoided; On the other hand, 
BPD concentration needs to reach a certain level to be detected by Raman microscopy. Higher 
concentrations (5% and 10%) of BA-BPD even slowed down the movement of BPD front 
compared to that in the blank PDMS sample. 
Why was a constant-velocity transport not observed in the presence of BA-BPD as 
expected? Previous decomposition study in solution tells us that base amplifiers exhibit solvent-
dependent base-triggered decomposition kinetics, with higher reactivity in polar solvents, and 
lower reactivity in nonpolar solvents (Chapter 3). Therefore, it is possible that it is the hydrophobic 
nature of PDMS that largely slows down base-triggered decomposition of BA-BPD. In other words, 




Figure 5.8. (a) Raman spectra of PDMS (black) and BA-BPD-containing PDMS (red). The blue 
trace is a Raman spectrum taken at a position behind the BPD front on BA-BPD-containing PDMS. 
(b) Propagating of BPD wave in PDMS samples after addition of 0.2 μL BPD trigger. The edge of 
the BPD droplet is defined as the origin position. Legends indicate BA-BPD concentrations of 
chloroform solutions used for swelling PDMS samples. 
 
5.3.2. BA Decomposition in Swollen Organogels 
In order to improve polarity of the reaction medium, DMSO-swollen organogels, poly[2-
hydroxyethyl methacrylate-co-acrylic acid-co-poly(ethylene glycol) diacrylate] (PHAP), were 
used to facilitate fast BA decomposition. Fluorescence microscopy was used to observe 
propagation of the chemical wave in the presence and absence of base amplifier with 4-chloro-7-
nitrobenzofurazan (NBD-Cl, Figure 5.9) added as a fluorescent dye. NBD-Cl itself is 
nonfluorescent but becomes fluorescent (emission maximum: 512 nm) when reacted with a 
primary/secondary amine. One advantage of utilizing NBD-Cl as the fluorescent dye is that the 
front of a base wave can be easily determined at the boundary between fluorescent (intensity ≠ 0) 
and nonfluorescent (intensity = 0) regions. 
(a) (b) 
PDMS 
PDMS w/ BA-BPD 




Figure 5.9. NBD-Cl is nonfluorescent but becomes fluorescent when reacted with a secondary 
amine (i.e., BPD). 
 
Scheme 5.1. Experimental setup of fluorescence imaging of diffusion or reaction-diffusion of BPD 
in PHAP organogels. 
The experimental setup for fluorescence imaging is shown in Scheme 5.1. PHAP 
organogels with different crosslinking densities and mesh sizes (Table 5.1) were synthesized on 
silane-modified glass slides, and swollen with solutions of 0.3% NBD-Cl and various 
concentrations of BA-BPD in 1 mM TFA/DMSO. The sample was capped by a PDMS stamp with 










imaging, and a top glass slide to prevent solvent evaporation. 
 
Figure 5.10. An example fluorescence image of a DMSO-swollen PHAP organogel upon 
triggering the chemical wave with BPD. BPD was added at the left-hand side of the image, and 
initiated a chemical wave propagating to the right. The white arrow indicates the direction of base 
propagation. 
An example fluorescence image is shown in Figure 5.10. 4-Benzylpiperidine was added to 
a reservoir at the left side of the gel and initiated a chemical wave propagating to the right. NBD-
Cl ahead of the wave front (far right of the image) was nonfluorescent, suggesting no pre-
decomposition of BA-BPD. As BPD moved to the right, fluorescence of NBD-Cl molecules that 
meet the wave front would be turned on (Figure 5.11). Meanwhile, fluorescence of the amine 
adducts behind the wave front (left side of the field) was quenched. Therefore, the maximum 
intensity position was defined as the front of the chemical wave. 
Fluorescence 




Figure 5.11. Evolution of fluorescence images of PHAP1 organogel swollen with 5% BPD solution 
in 1 TFA/DMSO after BPD was added at the left side of the image at t=0. The time that each image 
was taken is indicated in the format of hh:mm:ss. 
As mentioned in the Introduction section, the overall reaction-diffusion behaviors of a 
chemical species are a result of both diffusion and reaction components. Therefore, several 
parameters of organogels were adjusted so as to tune reactivity of base amplifier and diffusion 








fixed as 4.5 mol%, which is used as an internal stabilizer of BA-BPD. Poly(ethylene glycol) 
diacrylate (PEGDA, Mn=575 g/mol) is a difunctional crosslinker. Mesh sizes of the organogels 
and diffusion kinetics of BPD are expected to be inversely proportional to PEGDA content. 2-
Hydroxyethyl methacrylate (HEMA) bears a hydroxyl group on its side chain and therefore is used 
to vary medium polarity as well as reactivity of BA-BPD, whose decomposition kinetics is 
polarity-dependent as demonstrated in Chapter 3. Meanwhile, base diffusion will also be slowed 
down if HEMA content increases, due to formation of hydrogen bonding with hydroxyl groups of 
HEMA. Another important factor that influences both diffusion of BPD and reactivity of BA-BPD 
is the amount of solvent (i.e., DMSO) used in organogel preparation. If a lower concentration of 
monomers is used for gel polymerization, the mesh size of the gel is relatively big, facilitating fast 
diffusion of the base molecule. In addition, a high content of the polar solvent also increases 
reactivity of base amplifier. 
Figure 5.12 depicts the relationship between front position of the chemical wave vs time in 
organogels of different compositions with concentrations of BA-BPD ranging from 0% to 15% 
(w/v). PHAP1 (P(HEMA0.910-AA0.045-PEGDA0.045), 50 wt% DMSO, Figure 5.12(a)) has the 
largest mesh size, and the highest extent of hydrogen bonding among the three samples because of 
low crosslinker content (4.5 mol% PEGDA), high HEMA content (91.0 mol%), and high DMSO 
fraction (50 wt%). On the contrary, PHAP3 (P(HEMA0.773-AA0.045-PEGDA0.0182), 10 wt% DMSO, 
Figure 5.12(c)) has the smallest mesh size due to high crosslinker content (18.2 mol% PEGDA) 
and low DMSO fraction (10 wt%). The curves for base amplifier-free tests (black square) in Figure 
5.12 were fitted by 2D Fickian diffusion to extract diffusion coefficients of BPD in the three 
organogels: 
x = √2nDt (eq 5.3) 
144 
 
where x is the front position (cm), D is the diffusion coefficient of BPD (cm2/s), t is the time  
(s), and n is the dimension (n=2 for 2D diffusion). Diffusion coefficients of base (Table 5.2) follow 
the trend: PHAP1 > PHAP2 > PHAP3. This trend correlates well with the relative mesh sizes of 
the three organogels, and indicates that mesh size, rather than hydrogen bonding, plays a dominant 
role in determining diffusion kinetics of BPD molecules. 
 
Figure 5.12. Profiles of front position vs time in (a) PHAP1; (b) PHAP2; and (c) PHAP3. Diffusion 
coefficients of BPD (black square) in the organogels are: 9.11×10-7, 4.63×10-7, 3.79×10-7 cm2/s 







Table 5.2. Results of fitting of diffusion profiles of BPD in PHAP organogels. 
 PHAP1 PHAP2 PHAP3 
D×107 (cm2/s) 9.11 4.63 3.79 
R2 1.00 1.00 0.99 
Mesh size large medium small 
 
 
Scheme 5.2. Reactions at the front of the propagating wave of BPD. The amplification reaction 
releases additional BPD molecules and accelerates BPD transport, while hydrogen bonding 
between BPD and BA-BPD acts as a temporary trap to slow down base transport. 
Also shown in Figure 5.12, the effects of adding BA-BPD on mass transport kinetics of 
BPD vary with organogel compositions. In PHAP1 (Figure 5.12(a)), adding BA-BPD obviously 
slowed down wave propagation, while in PHAP1 (Figure 5.12(b)), addition of BA-BPD did not 






suggests different dependence of BPD transport on BA-BPD content: in the presence of 5 % BA-
BPD, reaction-diffusion of BPD was faster than its pure diffusion, but a higher BA-BPD content 
(10%) again retarded BPD transport. 
To explain these diverse mass transport behaviors, we need to first clarify what is 
happening at the wave front (Scheme 5.2). In a pure diffusion process, BPD molecules collectively 
move along the concentration gradient. In a reaction-diffusion process, besides diffusion along 
concentration gradient, BPD also participates in base amplification generating more base to 
enhance concentration gradient and hence accelerate base transport. At the same time, the base 
interacts with base amplifier via hydrogen bonding and the hydrogen bonded base should have 
lower diffusivity than its free form. 
Based on experimental results in Figure 5.12 and mechanisms occuring at the wave front 
in Scheme 5.2, a conceptual phase diagram was proposed (Scheme 5.3), correlating mass transport 
behaviors of BPD with BA-BPD concentration (abscissa), reactivity (R) of BA-BPD, and 
diffusivity (D) of the base, wherein R/D (ordinate) is a function of polarity, mesh size of the matrix, 
temperature, etc. 
When base amplification is slow ((R/D) < (R/D)1), no acceleration of base transport can be 
observed. In this region, a critical BA-BPD concentration (C1) exists. Above C1, a significant 
percentage of BPD molecules are kinetically trapped by base amplifier molecules while not enough 
BPD is released at the wave front for compensation. So mass transport of a base in such a BA-
containing system becomes slower than its pure diffusion. Below C1, only trivial amounts of base 
are temporarily bound by base amplifier so that base molecules pass a specific position as if in a 
pure diffusion process. This boundary (C1) has a negative slope because a more reactive base 
amplifier usually releases a stronger base with higher electron density on the nitrogen atom and 
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thus forms stronger hydrogen bonds with the base, which becomes nontrivial to base propagation 
at a lower concentration of base amplifier. 
  
Scheme 5.3. A conceptual phase diagram of mass transport behaviors of BPD in the presence of 
base amplifier (BA-BPD). The ordinate is reactivity of base amplifier relative to diffusivity of the 
base (R/D). Inset each phase is corresponding schematic distance-time relationship. 
When base amplification kinetics is relatively fast ((R/D) > (R/D)1), base concentration 
gradient can be enhanced and allow for faster reaction-diffusion than pure diffusion. Another 
critical BA concentration (C2) can be observed, above which reaction-diffusion of the base will be 
again slower than pure diffusion owing to temporary trapping of substantial base molecules. In 























trapping until a certain BA-BPD concentration is reached, above which hydrogen bonding 
interaction cannot be ignored. This explains the positive slope of C2 vs BA-BPD concentration. 
For a system with R/D higher than (R/D)2, mass transport of the base transits from a quasi-
Fickian mode to a linear mode. This is the ideal situation that can benefit many areas. For example, 
healing agents released from a limited number of broken microcapsules could be transported to 
target damage areas within a short time to participate in healing reactions to stop damage 
propagation. 
Figure 5.12(a) is an example with CBA-BPD > C1 or CBA-BPD > C2. Although PHAP2 has a 
smaller mesh size than PHAP1 due to higher crosslinking density, a smaller fraction of hydroxyl-
bearing HEMA decreases medium polarity and retards BA decomposition. The overall result is 
keeping R/D below (R/D)1 (Figure 5.12(b)). With the same film composition as PHAP2, the mesh 
size of PHAP3 further decreases because of less DMSO used for polymerization. So Figure 5.12(c) 
can be explained by the reasoning for a case with (R/D)1 < R/D < (R/D)2. 
 
5.4. Conclusion 
In order to study the feasibility of utilizing base amplification to accelerate base transport 
in materials, a localized base was first used to trigger decomposition of BA-BPD in solid PDMS, 
showing successful base proliferation but little acceleration of base transport due to sluggish base 
amplification in nonpolar mediums. Influence of base amplification on mass transport kinetics of 
the base autocatalyst was also studied in DMSO-swollen organogels whose properties were varied 
to adjust reactivity of BA-BPD and diffusivity of BPD. A conceptual phase diagram was proposed 
and may serve as a guide for future research on the propagating chemical wave together with 
computation input.  
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Although attempts to tune reaction-diffusion kinetics of a base amplified system failed to 
give a constant-velocity wave propagation (x∝t) using current setup, possibilities still exist by 
designing the reaction vessels and modifying relevant physical parameters so that only the 
diffusion term is modified.[22] Furthermore, is it possible to achieve an even faster mass transport 
than a linear fashion (x∝t)? This has been proved by using an inorganic system. For example, in 
an iodate-arsenous acid system, the authors observed that the velocity increases linear with 
distance when [H3AsO3]0/[IO3
-]0 < 3 at t=0.[14] What about organic ones, specifically the base 
amplified systems? Current multifunctional base amplifiers release multifunctional amines that 
have relatively large molecular size and therefore low diffusivity. Can we design a base amplifier 
that generates multiple low-molecular-weight amine molecules? 
Elaboration of these effects will definitely benefit a clear understanding of how base 
amplifier-incorporated functional materials respond to dilute/localized triggers as well as the 
design of self-stiffening materials with fast stiffening kinetics. 
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CHAPTER 6: FUTURE WORK AND OTHER PROMISING APPLICATIONS OF BASE 
AMPLIFIERS 
 
6.1. Future Work on Fabrication of Autonomous Self-Stiffening Materials 
In this dissertation, we mainly focused on the application of base amplifier to induce 
constructive property changes of a material in response to a localized base trigger. Currently the 
localized trigger was applied by attaching a base-swollen gel to the samples. However, in more 
realistic scenarios, it would be preferred to use smarter triggers (Figure 6.1) that can release 
amines/bases on demand, such as amine reservoirs (e.g., capsules, core-shell fibers), amine-
generating mechanophores, and half reaction at the cathodic area in some corrosion processes. 
When the first two types of mechanically-triggerable triggers are utilized, it is promising to design 
synthetic materials that mimics many living organisms, which can respond to a mechanical 
stimulus that initiates a series of events of chemical signaling and shape changing.[1,2] 
The first challenge in combining autonomous base triggers and base amplifier in a single 
material is that base amplifier has low tolerance for pre-release of amines or amine contamination 
of the outer shell of microcapsules/fibers due to high nonlinearity of base amplification. One 
feasible solution is to utilize a glucose-modified polyurethane matrix which generates primary 
amines upon damage, as demonstrated by Urban and co-workers.[3] Sijbesma et al. reported a 
mechanophore that is able to release N-heterocyclic carbene as a strong base under force.[4] Doan 
managed to encapsulate EPIKURE 3274 in core-shell electrospun fibers with a clean polystyrene 





Figure 6.1. Examples of possible smart base triggers that can release amines upon damage. (a) 
Poly(urea-formaldehyde) microcapsule containing polyoxypropylenetriamine core.[10] (b) 
Electrospun polystyrene (shell)-Epikure 3274 amine (core) fibers.[5] (c) Hydroxide formation 
from the cathodic reaction in atmospheric corrosion of iron.[11] (d) A photobase generator capable 
of releasing 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) when irradiated with UV light.[12] (e) A 
mechanophore that releases N-heterocyclic carbene (a strong base) when ultrasound is applied.[4] 
Another challenge in fabrication of an autonomous self-stiffening material containing base 
amplifier is that the shell of amine reservoirs like microcapsules and core-shell fibers must be able 
to survive a prolonged period of solvent treatment that is necessary for dispersing base amplifier 
in the material. This can be possibly circumvented by choosing a suitable solvent that can dissolve 






multilayer coating can be used to physically segregate base amplifier and amine reservoirs. Only 
when a damage connects the two layers will base amplification be triggered. 
For the prototype self-stiffening material demonstrated in Chapter 4, base amplification is 
an all-or-none reaction – once a base trigger is applied, there is no way to stop propagation of the 
reaction wave and basic species. The drawback is that the sensitivity of the material can be 
improved only once and that undamaged regions will be stiffened unnecessarily as well. Therefore, 
efforts are needed to control the area of base amplification. One approach is to deliberately disperse 
a specified amount of inhibitor (usually an acid) together with base amplifier so that the base 
propagation eventually stops at a designated distance from the damage center because of gradual 
consumption of the base by the inhibitor. Another engineering solution is to disperse base amplifier 
discontinuously in the material, which can be achieved by choosing base amplifier (solution) that 
phase separates from the matrix. 
As noted in Chapters 4 and 5, base amplification in a polymer matrix (without the aid of 
any solvents) is very slow, leading to sluggish self-stiffening of the material at room temperature. 
While this is acceptable when the initial damage is small, it is always desirable to accelerate base 
amplification so that the material can be stiffened before severe damage occurs. This requires input 
from synthetic chemists to design an even more reactive base amplifier at little cost of the stability. 
Co-catalysts are also possible to help base-triggered decomposition of base amplifier. 
Besides the ability of base amplifier to accelerate self-stiffening processes, several 
promising applications are put forward in this chapter, where base amplifiers may be an alternative 




6.2. Base Amplifier for Improved Anti-Corrosion Performance 
Metals and alloys are subjected to corrosion, which costs about 2.5 trillion dollars every 
year globally, according to the assessment of NACE International in 2016.[13] In a corrosion 
process, metals react with the surrounding environment concomitant with local pH changes. The 
local pH can either increase or decrease when different metals are corroded by different 
mechanisms.[14–16] For instance, the formulas below show the atmospheric corrosion of iron 
which releases OH- at the cathode:[11] 
Fe (s) → Fe2+ (aq) + 2 e- (anode) 
O2 (g) + 2 H2O (l) + 4 e
- → 4 OH- (aq) (cathode)  
One application of base amplifier could be to magnify the pH increase in a corrosion event 
so that corrosion can be detected at its early stage. Various strategies have also been developed to 
release corrosion inhibitors at high pH from decomposition or disassembly of pH-responsive 
microcapsules and nanoparticles dispersed in the protecting coating.[17–19] The release rate of 
corrosion inhibitors from these micro- and nano-containers is usually higher when the environment 
is more basic. In these cases, adding base amplifier can also raise the pH to the desired level within 
a relatively short period, at which corrosion inhibitors can be released in an accelerated fashion. 
Besides, amines are known to inhibit metal corrosion by adsorption to the substrates and 
resultant retardation of metal dissolution.[20] Khaled et al. systematically investigated inhibition 
efficiencies of piperidine and its derivatives for acidic corrosion of iron.[21] Iron samples were 
immersed in different concentrations of piperidines for 1 hour before measurements in 1 M HCl. 
0.01 M piperidine and 0.01 M 4-benzylpiperidine showed high inhibition efficiencies of 75.58% 
and 83.82% respectively. Therefore, it is also promising to realize simultaneous anti-corrosion and 





6.3. Base Amplifier for Amine Encapsulation 
Amines are common curing agents for epoxies, encapsulation of which is therefore critical 
to preparation of self-healing epoxies.[22] However, encapsulating amines is always challenging, 
because amines are miscible with various solvents and are highly reactive, decreasing long-term 
stability of shell materials. 
Currently there are mainly four ways to encapsulate amines. Sottos et al. stabilized an 
inverse water-in-oil emulsion using nanoclay platelets with a liquid amine as the core, followed 
by interfacial polymerization of isocyanate and amine.[22] Size distribution of microcapsules 
synthesized was broad as shown in Figure 6.2 (a). This method is only applicable for highly viscous 
amines that yield limited healing capability. White et al. later prepared microcapsules containing 
EPIKURE 3274 core using vacuum filtration with a low yield.[23] The general idea is to first make 
air-containing capsules and then infiltrate amine into these hollow capsules under vacuum. 
However, the capsule shell is porous and shell contamination is unavoidable. The wet shell wall 
also caused severe agglomeration of microcapsules as shown in Figure 6.2 (b). Lee et al. prepared 
microcapsules with polyetheramine as the core and poly(methyl methacrylate) as the sell by 
solvent evaporation (Figure 6.2(c)), reporting the highest core content ratio of about 21.1 wt%.[24] 
This technique suffers the same problem of high shell permeability. Microfluidics seems to be a 
decent approach to encapsulation of low-viscosity amines and generates monodispersed 
microcapsules (Figure 6.2(d)).[25] However, efforts are still needed to solve problems like low 




Figure 6.2. Amine microcapsules synthesized by (a) interfacial polymerization (scale bar: 50 m), 
[22] (b) vacuum infiltration,[23] (c) solvent evaporation (scale bar: 100 m),[24] and (d) 
microfluidics.[25] 
If one is familiar with amine protecting chemistry, it is easy to notice that most base 
amplifiers are Fmoc-protected amines. Such temporary shielding of amine groups and inherent 
thermal instability of Fmoc protecting group make base amplifiers perfect thermal latent bases.[26] 
Therefore, it is possible to encapsulate base amplifiers first and then reveal amine functionalities 
on demand simply by heating. This protection-encapsulation-deprotection strategy can potentially 
avoid interference of shell polymerization by amines as well as minimizing the risk of exposing 
microcapsule shell materials to corrosive amines. 
In collaboration with Dr. Wenle Li, BA-BPD was successfully encapsulated in 





dichlorofluorescein (DCF) (and Fe3O4) via a similar method in Dr. Li’s published work.[27] In 
brief, 25 mL 2.5 wt% ethylene-maleic anhydride (EMA) solution (aq.), 2 droplets of 1-octanol, 
2.5 g urea, 0.25 g NH4Cl, and 0.25 g resorcinol were dissolved in 100 mL H2O. 20 wt% NaOH 
solution was used to tune the pH to 3.5. 0.12 g DCF, 20 wt% (vs EPA) BA-BPD, 2 g PU (and 3 g 
Fe3O4) were dissolved in 60 mL ethyl phenylacetate (EPA) as the core solution, which was later 
slowly added into the mixture under mechanical agitation at 800 rpm. The mixture was then 
emulsified for 10 min, before 6.33 g formaldehyde solution was introduced. The encapsulation 
was heated to 55 °C at 1 °C/min and kept at the temperature for 4 h. 
The as-synthesized BA-BPD microcapsules are white free-flowing powders, and those 
with DCF in the core are slightly yellowish (Figure 6.6). The diameter of all types of microcapsules 
ranges from 125 m to 180 m. Morphology of microcapsules is shown in Figure 6.3, indicating 
a core-shell structure with a ~300 nm clean though rough shell. Additionally, these microcapsules 
stayed intact under vacuum during SEM observation, which also qualitatively suggests robustness 
of the shell wall. While bulk BA-BPD decomposes at above 150 °C (Chapter 3), no decomposition 
of BA-BPD was observed before degradation of the shell material (~200 °C, Figure 6.4). 
 





Figure 6.4. Dynamic TGA of BA-BPD microcapsule containing 5 wt% Fe3O4. The first weight 
loss was due to evaporation of residual water, and the second was attributed to thermal 
decomposition of the PU/UF shell. 
 
Figure 6.5. 1H NMR spectra of 20 wt% BA-BPD (top) and 20 wt% BA-BPD + 0.3 wt% DCF 
(bottom) microcapsules (without Fe3O4). DCF peaks cannot be seen in the spectrum due to its low 
concentration. 
A certain weight of BA-BPD microcapsules (without Fe3O4) were crushed, and deuterated 
20 wt% BA-BPD 
20 wt% BA-BPD + 0.3 wt% DCF 
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chloroform was then added to dissolve the core material. From NMR integrals of the EPA peak at 
3.62 ppm and the BA-BPD peak at 7.76 ppm (Figure 6.5), the actual BA-BPD concentration in the 
core solution can be calculated to be 21.03 wt% in agreement with the target concentration (20 
wt% in EPA). 
After heated in a 120 °C oven for 22 h, the released 4-benzylpiperidine after heating turned 
DCF-containing microcapsules into vivid red colors (Figure 6.6). No liquid leakage was observed, 
but BA-BPD microcapsules were no longer free flowing after heating, indicating compromised 
shell properties. In 1H NMR spectra, BA-BPD peaks at 7.76, 7.58, 4.41, and 4.24 ppm disappeared 
suggesting complete decomposition of encapsulated BA-BPD (Figure 6.7). The DBF peak at ~6.3 
ppm was not seen in 1H NMR due to self-polymerization under prolonged heating at high 
temperature. 
 
Figure 6.6. Photos of (a) BA-BPD and (b) BA-BPD + DCF microcapsules before and after oven 
heating. The microcapsules consisted of thermally decomposed BA-BPD were yellow, in sharp 
contrast of the white colors of virgin microcapsules. Scale bars: 1 cm. 
120 °C, 22 h 
(a) 





Figure 6.7. Superimposed 1H NMR spectra of 20 wt% BA-BPD microcapsules before (black) and 
after (red) heating in a 120 °C oven for 22 h. Disappearance of BA-BPD peaks at 7.76, 7.58, 4.41, 
and 4.24 ppm suggests complete decomposition of encapsulated BA-BPD after heating. 





the base from encapsulated base amplifier. For this part of work, in order to thermally release 
amine from encapsulated base amplifier without sacrificing shell integrity, one could try using 
base amplifiers with various stability so that complete deprotection can be achieved by heating the 
microcapsules at a lower temperature or for a shorter time. 
 
6.4. Base Amplifier as Thermal Latent Base for Damage Healing and Indication 
Can we simply disperse base amplifier-containing microcapsules in a coating and trigger 
amine release only when the microcapsules are ruptured? Sure, we can. This is even beneficial in 
that exposure of capsule shell to corrosive amines is avoided when microcapsules are intact. Then 
how can we trigger thermal decomposition of base amplifier in situ when microcapsules are 
ruptured in a damage event so that amine can be released for damage healing or indication? Direct 
heating is straightforward but should be avoided because overheating can lead to undesirable side 
reactions even in undamaged areas and removing the material from the parts in use for repairing 
in a heating apparatus is sometimes not practical.[28,29] 
 
Figure 6.8. (a) Schematic of cracking healing in an alternating magnetic field. When an alternating 
magnetic field is applied, a large amount of heat is generated from magnetic nanoparticles (black 
dots) to soften or even melt the polymer matrix and hence heal the cracks.[29] (c) Surface 
temperature of a polystyrene sample containing 10 wt% magnetic nanoparticles can reach as high 




An promising inspiration can be drawn from cancer therapy.[31,32] Various methods are 
used to increase local temperature to kill tumor cells or trigger in situ drug delivery, such as near-
infrared light,[33,34] microwave,[35,36] ultrasound,[37,38] magnetic field,[39,40] etc. Among 
these methods, heat generation from magnetic particles in a high frequency ac magnetic field were 
utilized for self-healing of thermoplastic materials by several groups.[28,29] For example, by 
embedding magnetic nanoparticles in a polystyrene matrix and placing the materials in an ac 
magnetic field, Yoonessi et al. managed to raise the surface temperature to as high as 320 °C at 
which the matrix flows to heal cracks or even melts (Figure 6.8(b)).[30] 
So far the highest local temperature that has been achieved using Fe3O4 microcapsules 
containing BA-BPD is about 50 °C when magnetic microcapsules were placed in a magnetic field, 
much lower than the temperature required to decompose BA-BPD (150 °C for neat BA-BPD), 
because Fe3O4 is only in the shell of the microcapsules and accounts for merely 3.5 wt% of the 
total weight. Unless the density of Fe3O4 nanoparticles can be increased, the maximum achievable 
temperature is expected to be even lower than 50 °C when these magnetic microcapsules are 
embedded in a polymeric matrix. According to Bowman et al., the heating rate and the highest 
temperature that can be achieved are dependent on concentration of magnetic nanoparticles and 
the identity of magnetic species.[28] Therefore, to achieve a higher temperature using magnetic 
microcapsules, it is necessary to increase loading of Fe3O4 nanoparticles in the shell or use a 
different ferromagnetic nanoparticles that allow for an even higher temperature. 
Besides, near-infrared (NIR) light can be an alternative to magnetic field thanks to the 
photothermogenesis effect of Fe3O4 nanoparticles. For example, Zhou et al. deposited Fe3O4-
containing nanocapsules onto cotton fabric. Irradiating the fabric with NIR light (0.55 W·cm-2) 
raised the surface temperature to 90 °C within 40 s.[41] Other additives are also available to enable 
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local heating of a material upon exposure to NIR light, such as carbon nanotube,[42] graphene 
oxide,[43] polydopamine particles,[44] etc. 
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